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Abstract 
The ability to rapidly manufacture parts made from composite materials 
is extremely important in the transportation industry. The speed of 
manufacture is a significant driver in the cost of composite components. 
Without efficient, cost effective manufacture, the mass reductions and 
associated performance and efficiency gains sought through using 
composite materials will never be realised in many cases. 
A considerable factor in the material selection process for mass 
transport vehicles is the performance of a material in the presence of 
fire. This is of particular interest for interior structures of vehicles that 
are in close proximity to humans. In general, many fibre-reinforced 
composites perform poorly in this situation. Commonly used resins such 
as epoxies are flammable and emit toxic smoke and fumes during 
combustion that can lead to death of occupants in the case of an 
accident. However, phenolic matrix composites are inherently fire 
resistant and emit very low levels of smoke and toxic fumes. As a result, 
phenolic resins are an ideal candidate for many interior applications in 
the transportation industry. 
The efficient design of components made from composite materials is 
heavily reliant on their ability to withstand in service damage and still 
perform their required function. This damage tolerant design philosophy 
for composite materials drives the design in many cases and limits the 
weight saving that is achievable with composite materials. The damage 
tolerance of a composite material is defined partially by its interlaminar 
 ix
fracture toughness. The interlaminar fracture toughness was 
investigated here to assess material performance variation for 
evaluation of rapid curing techniques. 
Three methods of increasing the cure speed of a phenolic composite 
material were investigated through this work: sulfonic acid catalyst 
loading, isothermal cure temperature and heating rate. These variations 
in cure methodology encompass cure times that range from 12 minutes 
to 2 hours. The methods were assessed in relation to the resulting 
interlaminar fracture toughness of these panels, a measure of the ability 
to withstand damage in service.  
It is well known that the interlaminar fracture toughness of a composite 
is influenced by the percentage and distribution of voids within the 
laminate. Results for interlaminar fracture toughness are shown to 
improve by 200% for Mode I and up to 100% for Mode II due to rapid 
curing and it’s influence on the size, shape and distribution of voids 
within the laminate. 
High interlaminar fracture toughness as a result of increasing cure 
speed through cure cycle heating rates as high as 8°C / minute, 
suggests that rapid cure is achievable even without the use of a 
catalyst. The advantage of this approach includes the elimination of an 
accurate mixing step in the manufacturing/resin injection process. The 
elimination of the acid catalyst also has advantages from an OH&S 
perspective and will lead to further cost reductions.  
 x
New processing technologies, such as microwave curing and 
Quickstep™, enable these improvements in damage tolerance to be 
realised in conjunction with significant reductions in manufacturing cost 
which will lead to more cost effective manufacture of components. This 
then enables more extensive use of lightweight composite materials in 
environments that require fire safe materials to be utilised. 
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C H A P T E R  O N E  
1 Introduction 
1.1 Background 
 
Global warming and climate change are a direct result of an increase in 
carbon dioxide levels in the earth’s atmosphere. Transportation is 
known to be a significant contributor of carbon dioxide emissions 
through exhaust emissions of fossil-fuelled vehicles [1]. 
The amount of exhaust gas and carbon dioxide produced is directly 
proportional to the amount of fuel burnt. One way to reduce the amount 
of carbon dioxide produced is to design more fuel-efficient vehicles. 
This can be achieved by incorporating more fuel-efficient engines, 
reducing parasitic energy loss (aerodynamic drag, inertia and 
rolling/mechanical friction) or by reducing the mass of vehicles.  
Decreasing the mass of transportation vehicles without compromising 
their strength or safety can be achieved using lightweight yet strong 
materials in their construction. Fibre Reinforced Plastics (FRP), 
otherwise known as composites, fall into this category. The use of 
composites in transportation vehicles (air, land and sea) can reduce the 
mass of the vehicles because of the material’s high stiffness to weight 
ratio compared to other materials (Figure 1-1). 
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Figure 1-1: Specific stiffness comparison of common engineering materials and 
composites  [2] 
The need within aerospace, rail, marine and automotive industries to 
take advantage of the benefits of composites has highlighted many 
areas that require further research and improvement to fully exploit the 
material’s potential benefits. In particular the requirement for 
manufacturing composite components cost effectively and at the 
volumes required for these industries presents unique challenges.  
Manufacture 
In recent times, industry has strived to reduce the cost and time 
associated with producing composite components. Conventionally, 
high-performance structural composites are cured under high external 
pressures and at slow heating rates in autoclaves. Autoclaves in 
general produce very good quality parts with acceptable repeatability. 
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However, autoclave processes have long thermal cycle times and are 
expensive to purchase and operate. These drawbacks limit the 
application of composite materials in industries that require large 
volumes of parts to be produced cost effectively such as in the internal 
furnishing and interior components for mass transport in the air, land, 
sea and rail sectors. Recently, new curing technologies have been 
developed using different methods of heating, via fluid heat transfer [3-
7] and microwave curing [8, 9] to deliver the thermal energy required to 
cure composites but at a lower cost and faster than an autoclave. The 
QuickstepTM process (www.quickstep.com.au) focuses on taking 
advantage of the increased heating rates achievable by using fluid as 
the heat transfer medium.  
Advances in composite manufacturing processes such as these will 
enable the cost effective rapid manufacturing required to ensure the full 
benefits of lightweight composite materials are realised. 
Along with the challenges associated with efficient manufacture of 
composites for mass transport applications, there is a requirement for 
lightweight composite materials that are ‘fire safe’. Fire safe materials 
need to be used in the interior structures and furniture of trains, ships, 
buses and commercial aircraft. This requirement has led to the use of 
composites with a phenolic resin matrix. These resin systems have 
proven fire safety performance, although their mechanical properties 
and manufacturability present some challenges. 
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Phenolic Composites 
Phenolic composites are made with either resole or novolac phenolic 
resins as the composite matrix. The advantages of phenolic resins are 
their excellent fire resistance, lack of smoke and toxic fumes emitted 
during combustion, high temperature resistance, thermal stability and 
low cost, as shown in Figure 1.2. All of these factors are important for 
vehicle interiors, especially with the recent introduction of fire 
performance regulations for materials used in the construction of mass 
transport systems [10]. 
 
Figure 1-2: Price index comparison of PF (phenolic) with other thermoset resins. 
UF = Urea resin, MF = Melamine resin, UP = unsaturated polyester, EP = Epoxy 
resin [10]. 
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 Figure 1-3 shows a production phenolic composite component used in 
the aircraft industry. 
 
Figure 1-3: Liquid moulded phenolic composite aircraft interior component. 
The main disadvantage of phenolic resins is that they cure via a 
condensation reaction that releases volatiles (mainly water) which 
become trapped in the matrix during cure. This results in a composite 
with a high void content. These voids have a large impact on the 
mechanical properties of a composite material [11, 12]. The out-gassing 
and release of volatiles from the material also makes processing very 
difficult with conventional composite manufacturing techniques. 
Composite materials primarily dissipate impact energy through 
interlaminar fracture mechanisms that lead to delaminations within the 
composite part. These damaged areas are often not visible on the outer 
surface of the part, hence the term barely visible impact damage 
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(BVID). BVID can lead to a dramatic reduction in the mechanical 
integrity of a composite structure. It is therefore important to understand 
how these fracture properties behave and influence the mechanical 
performance of a component.  
BVID usually consists of fractures between the layers (plys) of 
reinforcement. The interlaminar fracture toughness is considered to be 
the most life limiting property for composites as it requires the least 
amount of strain over other properties to reduce a materials structural 
integrity [13]. 
The damage tolerance performance is generally poor for phenolic 
composites as they tend to be very brittle when compared to other 
thermoset resin systems. Understanding the damage resistance and 
damage tolerance of a composite is an important step to understanding 
and predicting their long-term behaviour during the engineering design 
process. This is especially significant for the design of components that 
perform a structural role. Traditionally phenolic composites have not 
been used to carry significant loads. However with advances in 
technology and the desire to continually reduce mass, the requirement 
for fire safe composite materials that are able to carry structural loads 
will arise. Consequently an understanding of the damage and fracture 
performance of such materials is necessary. 
The effect of fast curing on damage properties and material 
characteristics of fire safe volatile emitting phenolic composites using 
rapid curing technologies is currently unknown. 
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1.2 Research Objectives 
The objective of the present work is to study the effect on material and 
fracture properties of phenolic composite laminates cured with reduced 
thermal cycle times through various cure time reduction techniques. 
The research question that encompasses this work is: 
How can the cure cycle time of a liquid moulded resole phenolic 
composite be reduced and how do these reductions affect mechanical 
and micro-structural properties with specific reference to fracture 
behaviour? 
1.3 Thesis Structure 
Chapter Two presents an up to date literature review on the 
performance, processing and properties of phenolic composites. 
Chapter Three comprises two sections, firstly, the methods and 
materials used throughout the work are documented. The second half 
of the chapter describes the difficulties associated with vacuum assisted 
resin infused phenolic composites. A technique developed for 
production of samples used throughout the work is described and the 
results of the technique are related to the literature. 
Chapter Four of this work outlines variations in material properties and 
characteristics as a result of changes in manufacturing techniques 
using the Through thickness infusion technique described in 
Chapter Three. A Design of Experiments (DOE) methodology is 
constructed and used to capture the variations in properties as 
functions of processes used during manufacture. From this work key 
  8 
parameters that influence properties are outlined for further 
investigation. 
Chapter Five looks specifically at the effect of varying the amount of 
catalyst used to cure a phenolic composite and its effect on the 
material characteristics and how these characteristic variations impact 
fracture properties and thus damage tolerance of the composite. 
Chapter Six investigates the variations in material characteristics and 
behaviour observed in Chapter Four that occur as a result of 
isothermal cure temperature and heating rate. As with Chapter Five, 
these material characteristic variations are related to the materials 
performance in interlaminar fracture toughness. 
Chapter Seven contains a general discussion of the collective outcomes 
of Chapters Four, Five and Six and how this work fits within the existing 
work conducted on processing and properties of phenolic composites. 
The outcomes from the preceding chapters are discussed in terms of 
decreasing manufacturing time and how each method used impacts on 
the damage tolerance / resistance performance of the resulting 
material. Also included in this chapter is a summary of both the industry 
relevance of this work and the technology and techniques developed 
throughout. 
Chapter Eight contains concluding remarks and further work. 
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Appendices One and Two relate to work conducted in Chapter Four and 
contain detailed results from the Design Of Experiments approach 
used. 
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C H A P T E R  T W O  
2  Literature Review 
This chapter presents an overview of previous research conducted on 
phenolic matrix composites. Particular focus is given to material 
processing variations and interlaminar fracture behaviour. Current 
manufacturing techniques are reviewed and their use is related to the 
manufacturing requirements of phenolic composites. Phenolic matrix 
composites are presented in the context of fire safe materials for use in 
regulated mass transport. This is then followed by an introduction to the 
chemistry and structure of phenolic resins in relation to their fire 
performance. Finally, the properties of phenolic composites are 
discussed individually with a specific emphasis on those properties and 
characteristics that are shown to be affected by cure speed.  
2.1 Composite Manufacture  
Composite components produced for mass transport are generally 
produced in large numbers so it is imperative to be able to reproduce 
high quality parts with predictable mechanical properties as efficiently 
as possible. An overview of thermoset composite manufacturing and 
curing processes as they relate to phenolic composites is presented. 
2.1.1 Manufacturing technologies 
The manufacture of composite components can be accomplished in a 
number of ways. There are many variations and combinations of the 
techniques used to manufacture composites for industrial and research 
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purposes. A comparison of mainstream well known techniques is 
presented below. Section 3.2 presents an in-depth description of the 
manufacturing technique developed and used for production of samples 
in this work. 
2.1.1.1 Hand lamination 
Hand lamination is generally considered the most labour intensive 
process and can also carry a significant occupational health and safety 
risk. The process involves placing dry fibres into a mould and brushing 
and rolling resin into the fibres manually, see Figure 2-1.  
 
Figure 2-1: Hand lamination technique. Resin is distributed onto reinforcement 
by operator [14]. 
This process is generally labour intensive, has poor repeatability and 
poor quality control when high production rates are required. When 
phenolic composites are considered, hand lamination is usually avoided 
due to the risk of excessive human exposure to formaldehyde, which is 
classified as a known human carcinogen [15].  
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2.1.1.2 Vacuum Assisted Resin Infusion (VARI) 
Resin infusion involves placing dry fibre preforms under vacuum in a 
mould (usually a one sided hard tool) and then drawing the resin into 
the mould cavity created by the fibre preform under a vacuum bag. The 
flow of resin is a result of the pressure differential created by the 
vacuum pump and the outside atmosphere, see Figure 2-2.  
 
Figure 2-2: Resin infusion schematic. Resin is infused into laminate using the 
pressure differential created between a vacuum pump and the atmosphere [14]. 
 
Many variations of this process have evolved but all depend on the 
same principles. This process is considered low cost as the raw 
materials are used in their supplied states and requires minimal labour 
once the set-up is completed. The use of vacuum assisted infusion for 
phenolic composites is common in industry. 
2.1.1.3 Resin Transfer Moulding (RTM) 
RTM uses similar principles to resin infusion. However, instead of using 
the pressure differential created by vacuum to draw resin into the 
preform, the resin is pressurised and pushed into the mould. The major 
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difference here is that rigid tooling is required on both sides of the part 
to withstand the pressure and the two halves of the mould must also be 
held together with pressure from an external source, see Figure 2-3. 
 
Figure 2-3: Resin Transfer Moulding (RTM). Resin forced into tooling cavity with 
external pressure [14]. 
Several process variations fall into this category; including RTM-lite 
which uses one hard and one soft tool with a high external pressure. 
RTM processing is well suited to phenolic composites as it provides 
pressure on the laminate to maintain geometric tolerances and does not 
use vacuum during the cure cycle. The use of vacuum during cure can 
increase the size of the voids generated through the condensation cure. 
The prohibitive factor with this process is the high cost of tooling and 
the lack of escape paths for volatiles produced during phenolic 
polymerisation. 
2.1.1.4 Pre-pregging 
Pre-pregs or pre-impregnated fibres and fabrics are reinforcements that 
have been pre-impregnated with resin and placed into a mould, vacuum 
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bagged and then cured at temperature. This process is usually more 
expensive than processes that use fibre and resin separately as there is 
an extra step associated with pre-impregnating the fibre with resin. Pre-
pregs are produced commercially and have high associated cost. There 
are many phenolic pre-preg fabrics available. Pre-preg materials are 
often but not always required to be cured in an autoclave to achieve 
acceptable void content results. The use of an autoclave adds 
considerably to the cost of the manufacturing process. The advantages 
of pre-pregs are their simplicity in manufacture and accurate resin 
contents.  
2.1.1.5 Resin Film Infusion 
Resin Film Infusion (RFI) is a process that involves resin in the form of 
a thin partially cured film being placed into the mould along with layers 
of reinforcement, the lay-up sequence of fibre to resin film can vary 
according to application. When heat and pressure are applied to the 
materials the resin film flows and infuses through the layers of 
reinforcement. The resin must only travel through the thickness of each 
adjacent ply of reinforcement to achieve total wetting of the 
reinforcement, see Figure 2-4. 
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Figure 2-4: Resin Film Infusion (RFI). The process where by thin sheets of 
partially cured resin are placed between layers of reinforcement before being 
heated to allow infusion to take place [3, 4, 7]. 
The disadvantage of RFI is the labour intensive lay-up of the materials if 
multiple layers of resin film are used. The resin in film form can also be 
more expensive than liquid form. 
For mass produced components used in the transportation industry the 
need to reduce costs and manufacturing time has led to an increased 
interest in liquid moulding processes such as VARI and RTM which take 
advantage of reduced material costs over pre-preg and RFI processes. 
These liquid moulding processes also reduce labour costs thanks to the 
automation possibilities. Due to the cost reduction possibilities and 
cheaper tooling over the RTM process, a variation of VARI is being 
used for this research and will be described further in section 3.2. 
2.1.2 Curing technologies 
The curing of composite materials refers to the conditions and 
techniques at which a composite is consolidated and cured. The curing 
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and consolidation can be accomplished in a number of ways that will be 
discussed here. There are also many variations and combinations of 
the following techniques used to cure composite materials. 
2.1.2.1 Room/low temperature vacuum cure 
Some composites that have resins developed to cure at room 
temperature (usually liquid moulding techniques with the addition of a 
catalyst) can simply be left to cure either under vacuum or at 
atmospheric pressure. This method is usually relatively slow but can 
sometimes be made faster with the addition of a higher concentration of 
catalyst.  
2.1.2.2 Autoclave Cure 
Autoclaves are commonly used in high performance applications that 
require high pressures and temperatures. Pre-preg material is 
commonly cured in an autoclave to help facilitate removal of entrapped 
pockets of air occurring from the lay-up process. Autoclaves are not 
restricted to just the pre-preg manufacturing technique and can be 
implemented to apply additional external pressure to most other 
manufacturing techniques. The autoclave chamber is pressurised with 
an inert gas which is then heated. The process is considered very slow 
and expensive due to slow heating rates of around 2.8°C/min and 
expensive capital and running investment. 
2.1.2.3 Oven Cure 
Ovens are commonly used to provide thermal energy for the cure of 
composite materials. Unlike autoclaves, ovens do not provide additional 
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external pressure. Ovens are relatively low cost. Ovens can be used to 
cure composites made with many types of manufacturing processes.  
2.1.2.4 Quickstep Process 
The Quickstep process uses a heat transfer fluid to provide thermal 
energy to enable the polymerisation process to take place for a 
composite material. The amount of pressure applied to the tooling 
depends on the tooling design; if pressure is applied it is in the order of 
10-15kPa. The advantage of using fluid as the heat transfer medium is 
that it can transfer thermal energy to the material at a faster rate 
through conduction, which increases the rate at which the composite is 
heated. However, increased heating rates can result in run-away 
exothermic reactions from the polymerisation chemical reaction. In the 
case of the Quickstep process this exothermic reaction is usually well 
controlled as the heat transfer fluid also acts as a heat-sink which can 
quickly take heat away from the laminate as required.  
Some economic and material property research has been conducted on 
the process mostly for the aerospace and automotive industry using 
pre-preg materials [3, 16]. These studies have concluded that the 
Quickstep process does have the potential to reduce production times. 
In most cases it also provides an increased degree of cure and 
increased Mode I fracture toughness for epoxy pre-preg materials [16, 
17]. Research has also highlighted variations in void content (material 
dependant) when curing prepregs with the Quickstep process [18]. 
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Studies have been conducted on the effect of increasing the cure speed 
of phenolic materials with the use of various accelerators and the 
addition of different polymers to phenolic resins in order to reduce 
production time. In most cases a reduction in mechanical properties 
such as bonding strength and difficulties in process ability have been 
noted [19].  
The curing processes studied in this work are ‘out of autoclave’ 
processes focusing on reducing manufacturing capital and production 
costs while being able to reduce cycle times.  The two processes 
considered in this work are Quickstep and oven cure: 
• With its rapid heating ability the Quickstep process has shown to 
be a viable manufacturing technique; The Quickstep process 
requires further investigation in order to take advantage of the 
reduced capital and manufacturing costs for phenolic 
composites. 
• Oven cure is considered in this work as it is a low cost industry 
accepted technique that can be compared and contrasted to 
Quickstep.  
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2.2 FST performance of materials in 
transportation 
Fire, Smoke and Toxicity (FST) performance of materials is especially 
important in environments that could be subject to incidents resulting in 
fires where humans are present. Examples of these environments are 
rail systems, aircraft and airports as well as marine vessels.  
Traditional composite matrix materials, such as polyester, vinyl ester 
and epoxy are organic materials and have the potential to be 
flammable. The burning of these materials not only adds fuel to a fire 
but also produces smoke which limits visibility, hampers escape routes 
as well as releasing dangerous toxic fumes into the environment which 
threaten human life especially in mass transportation [20-22]. 
The following sections outline some of the regulations in place within 
the mass transport industry. 
2.2.1 Rail systems 
FST performance of materials used in rail transportation systems has 
been of increasing concern in recent times. With the advent of 
underground rail systems, the importance of ensuring materials used in 
underground and above ground infrastructure are resistant to fire and 
emit the lowest possible amount of smoke and toxic fumes is important 
to preserve human life during a fire event [20]. Various materials 
standards have been developed over the years for the rail industry in 
different countries, including the United States [23, 24], Great Britain 
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[25], France [26, 27] and Germany [28]. These standards all have their 
own requirements for fire, smoke and toxicity performance of materials. 
In 1997 a European commission funded research program named 
FIRESTARR aimed to develop a unified standard for European rail 
system fire safety. The strict new standard CEN TS 45545 [29] was 
implemented in 2009. The new standard takes into consideration flame 
spread, heat release, smoke density and smoke toxicity. All new 
European rail vehicles must be manufactured with materials conforming 
to these standards. The standards include a Heat Release Rate of < 60 
kW/m2 according to ISO 5660-1 2002, Spread of Flame of  >37.8kW/m2 
according to ISO 5658-2 1996, Smoke Density of < 150 Ds according to 
En ISO 5659-2, Toxicity of < 0.75 CIT according to EN ISO 5659-2.  
Phenolic composite materials have been shown to pass EN 45545 fire 
performance standards [30] and have been used successfully in new 
rail systems and prototype rolling stock construction.  
2.2.2 Marine  
FST performance of composite materials in the marine industry has 
always been of concern due to the difficulty of escaping an on-board fire 
at sea. A large majority of recreational watercraft and an increasingly 
greater proportion of commercial and naval vessels are being 
constructed from composite materials to reduce weight and take 
advantage of corrosion performance. The fire performance of these 
materials is of large importance for the safety of crew as stated earlier 
[31]. 
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There is pressure from the International Maritime Organsiation (IMO) to 
introduce specific fire safe material standards for commercial marine 
vessels[32]. The Code of Practice for High Speed Craft is an example 
of such standards. 
Phenolic composites have been used since the early 1980’s in 
submarines for torpedo nose and tail cones, torpedo cradles, seawater 
separators and flare storage systems for their fire performance 
properties [32]. More recently phenolic composite materials have been 
given approval for use in construction of “low flame spread surface 
materials” in steel ships and mobile offshore units. Phenolic composites 
are also now beginning to be used in the construction of internal 
structures in passenger cruise ships [33]. This increased usage of 
phenolic composites in the marine industry clearly demonstrates their 
acceptance as a fire safe material. 
2.2.3 Aircraft 
As of August 20 1988 materials used in the interiors of aircraft cabins 
have had to comply with stringent flammability regulations imposed by 
the Federal Aviation Administration (FAA). The FAA regulation 
stipulated that materials used in these areas must have an OSU (Ohio 
State University) rating of 100/100 meaning a ‘total heat release rate’ of 
less than 100 kW min/m2 and a ‘peak heat release rate’ of less than 
100kWm2. This standard value was revised in 1990 to 65/65 [34]. The 
OSU heat release standard has since been upgraded to 55/55 
highlighting the importance of fire safety for materials used inside 
  22 
aircraft. Phenolic composite materials have repeatedly been shown to 
be able to meet these requirements [35] and are commonly used in 
many interior components of commercial aircraft. 
2.3 Fire resistant phenolic composites 
As discussed in the previous section, there is an increasing need for 
composite materials that comply to current and up-coming FST 
standards. These materials are required for interior components in 
mass transport vehicles so that the weight saving benefits of 
composites can be taken advantage of in these applications. The use of 
phenolic matrix composites has increased during this time as they are 
one of very few resin systems that are capable of complying with the 
regulations for FST performance [22]. Phenolic matrix composites are 
inherently fire resistant without the use of fillers, halogens or additives 
such as bromine or alumina trihydrate which can lead to problems such 
as increased smoke emission or increased resin viscosity, respectively 
[36]. 
The excellent FST and high temperature performance of phenolic resin 
is due to their highly cross-linked nature and significant aromatic 
content [37, 38]. Phenolics are rated to well over 200°C and will not 
readily burn when exposed to a fire. If the fire is intense enough that it 
does result in material combustion they release very low amounts of 
smoke and toxic fumes [37]. 
In general phenolic composite materials can comply with current and 
up-coming FST requirements such as EN 45545. Phenolic resins 
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achieve ‘total heat release rate’ values as low as 26 kW min/m2 and 
‘peak heat release rates’ of 40 kWm2 [10].  
Drawbacks associated with phenolic resins are that they emit volatiles 
during polymerisation, namely water and ammonia [12, 39]. During 
cure, some volatiles become entrapped in the material as it cures which 
results in voids. These voids have a negative effect on matrix 
dominated mechanical properties [11, 12, 40-47]. The phenolic resin 
itself is highly cross-linked and very brittle. Many attempts have been 
made to toughen phenolic resins, some very successful although the 
addition of tougheners and other resins may decrease the FST 
performance of the material, increase the cost and in some cases 
increase the cure temperature. [48] 
2.3.1 Phenolic Chemistry 
Phenolic resins are derived from the reaction of phenol with 
formaldehyde. There are two types of phenolic resin: resole and 
novolac. The functionality and type of pre-polymer that is formed from 
the reaction depends on the ratio of phenol to formaldehyde as well as 
the pH. Novolacs exhibit thermoplastic behaviour and are usually in 
solid pellet form. Novolacs are soluble and can be melted before being 
reacted with an external curing agent such as 
hexamethylenetetraamine (HMTA) to create the phenolic network. 
Novolacs are also known as two-step systems. Resoles, or one step 
phenolic resins, are usually in liquid form and will crosslink with heat to 
form the phenolic network. The curing of these resins can also be 
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achieved without heat if an acid catalyst such as sulphonic acid is 
added. The following sections describe in more detail novolacs and 
resoles as well as the effect that the addition of an acid catalyst has on 
a resole and the research that has been conducted in this area.  
2.3.1.1 Novolac chemistry 
If the phenol to formaldehyde ratio is less than 1:1, and under acidic 
conditions, the functionality changes to form what is known as a 
novolac or 2-step phenolic resin. With the smaller amount of 
formaldehyde a brittle thermoplastic is formed which can be melted but 
cannot crosslink to form a solid network unless an additional curing 
agent is added [48]. The initial reaction of phenol and formaldehyde is 
an electrophilic substitution of the phenol followed by a methylol-
substituted phenol with another phenol molecule producing 
dihydroxydiphenylmethane (Figure 2-5). 
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Figure 2-5: Novolac prepolymer formation [10].  
 
2.3.1.2 Resole chemistry 
There are two distinct pathways for resole prepolymer formation; these 
depend on temperature and pH (Figure 2-6). A ratio of 1:1 to 1:3 with an 
excess of formaldehyde under alkaline conditions results in a 1-step 
(resole) resin. The mechanism of the phenol – formaldehyde reaction is 
a base catalysed electrophilic aromatic substitution [10]. The moisture 
content and alkalinity of the pre-polymer affects the cure behaviour of 
the resin [48].  The prepolymer can then be crosslinked to form the 
resulting solid material. This crosslinking occurs with the application of 
heat and the variation of pH.  
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Figure 2-6: Resole prepolymer formation [10].  
2.3.1.3 Acid Catalyst Effects 
The pH of the resin during curing affects the cure behaviour of the 
material. Lowering pH levels results in cross-linking of the resin at lower 
temperatures. The variation in pH level is commonly controlled by the 
addition of an acid catalyst. 
Hong et al [49] conducted a study on the effect of organic acids on the 
mechanical properties of both a resole and novolac phenolic resin 
composite.  It was found that as little as 0.5 wt% salicylic acid 
accelerates the polymerisation process. The transformation from an 
acid to a salt on the surface of oxide particles has a significant effect on 
mechanical properties and wetting out of the reinforcement. Flexural 
strength decreases of up to 30% were found when compared to resin 
cured with no acid. The reduction in properties is attributed to a lack of 
particulate wetting due to the surfaces being rendered hydrophobic by 
the salicylic acid. It was also found that other acids such as sodium 
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salicylate and 4-hydroxybenzoic acids have minimal impact on the 
flexural strength. 
Laza et al [50] analysed the crosslinking process of a liquid resole 
phenolic resin cured with varying amounts of p-toluensulphonic acid. It 
was found that the glass transition temperature decreased when the 
percentage of acid catalyst was increased. This is because of the 
increasing number of functional groups capable of reacting. 
The effect of the pH during curing on the structure of the cured resin 
material has been studied for a phenol-urea-formaldehyde polymer [51]. 
It was found that for an increase in pH in the resin there was a decrease 
in the amount of methylene ether bridges present in the material. This 
was concluded using 13C NMR (CP/MAS) spectroscopy studies. It was 
also suggested that the longer curing time and higher temperatures 
required for the high pH cured material resulted in a more rigidly cured 
network. 
Resole phenolic composites are the materials under investigation in this 
work. The effect of varying cure speed through sulfonic acid catalyst 
concentration will be studied using both mechanical and chemical 
structure investigation techniques to determine its effect on material 
properties. These results can then be compared to results from other 
methods of increasing cure speed in order to reduce manufacture costs. 
2.4 Phenolic composite characterisation 
As was highlighted in the previous section, the manufacturing and 
processing techniques of a composite have been shown to significantly 
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influence the properties of the composite. For any material used in the 
design and construction of structural components, it is important to have 
an understanding of its performance attributes during the design 
process as well as its structural integrity throughout the product life 
cycle. This section focuses on work that has contributed to the 
understanding, characterisation and mechanical properties of phenolic 
composites with specific regard to the fracture and damage properties 
of these materials. 
2.4.1 Low velocity impact damage resistance 
It has been extensively shown that composites provide great benefits 
when in-plane mechanical properties are considered, although they are 
very susceptible to irreversible damage from severe out of plane loads 
that usually occur with impact loadings. These types of out of plane 
loadings are regularly seen in the interior furnishings, wall and floor 
panels of aircraft which are commonly manufactured from phenolic 
composite materials for their excellent fire performance [33].  Compared 
to a ductile metallic material, both the fibres and resin of a composite 
are elastic and brittle. This results in energy being absorbed from 
impacts such as tool drops or materials handling incidents, as internal 
damage and delamination of the material which significantly impacts the 
residual mechanical properties of the material [52, 53]. The damage 
from a low velocity impact event on a composite laminate can be a 
mixture of internal delamination, where the interlaminar shear strength 
is exceeded, tension and lamina matrix cracking or back face tensile 
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failure [52] (Figure 2-7). It is not uncommon for these failures to be 
undetectable to the human eye.  
 
Figure 2-7: Impact phenomenon in laminated composite materials. Rajbhandari 
et al [53] 
Currently industry uses very conservative design strategies to 
accommodate the impact damage resistance of laminated composites. 
It is common practice for design failure criteria in a carbon composite 
part to be as low as 0.3% strain when it is known that an undamaged 
material may withstand 1.0% strain or greater [52]. Thus the result of a 
low impact damage resistance plays a large role in the mass of material 
required for a particular component. Research has shown that the 
material system used, ply stacking sequence, laminate thickness and 
ply angles effect the impact response and resulting damage of a 
composite [54].  
The matrix resin used in a composite aligns, protects, stabilises and 
transfers load from one fibre to the other. Damage to this matrix due to 
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cracks or delaminations from an impact event can serve to reduce the 
load capability of the composite by up to 50% [55]. 
A view of delaminations from a complete laminate point of view usually 
appears as a circular damaged region for quasi-isotropic laminates. 
However, from a ply-by-ply view the delaminations appear as an 
“oblong peanut shape” oriented along the axis of the fibre direction and 
is due to the bending stiffness mismatch between adjacent layers 
oriented in different directions  [56]  (Figure 2-8). 
 
Figure 2-8: Delamination shapes and orientations Abrate et al [56] 
Of the three types of composite damage (matrix cracking, internal 
delamination and fibre breakage) the residual mechanical performance 
is affected mostly by delaminations and fibre breakage. [55] 
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As can be seen in Figure 2-8 damage in composite materials can 
involve complex three dimensional fracture modes. In order to assess 
these phenomena from a fracture mechanics view point it is important 
to be able to determine the amount and extent of the damage after an 
impact event. This can be very difficult as the damage is often not seen 
on external surfaces of the composite. Techniques for this analysis 
include: 
• Internal damage deply (destructive removal of laminate layers) 
• X-radiography (non destructive) 
• Ultrasonic C-scan (non destructive) 
• Optical microscopy of a slice of material through the damage 
zone (destructive) 
• Thermography (non destructive) 
All of the above techniques have been successfully used to detect 
Barely Visible Impact Damage (BVID) in composite laminates. 
It has been reported by various sources that the Mode II interlaminar 
fracture toughness correlates to the damage inflicted on a laminate 
during an impact event. Consequently it is important to improve the 
Mode II fracture toughness in order to maintain good residual 
compressive strength in a damaged laminate (damage tolerance) [52].  
Davies et al [52] developed Equation 2-1 relating the threshold force of 
an impact event to Mode II fracture toughness using a model based on 
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Mode II shear propagation. This formula enables the calculation of the 
theoretical critical threshold force where damage will occur to the Mode 
II fracture toughness, taking into account the laminate elastic modulus 
and poisons ratio. The theoretical value of interlaminar fracture 
toughness can also be calculated if the threshold force is known for a 
quasi-isotropic laminate. 
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Equation 2-1: Critical threshold force for instant delamination developed by [52]. 
Where Pc is the critical threshold force for instant delamination, E is the mean 
flexural modulus, v is the poisson’s ratio and t is the laminate thickness. 
 
The fibre matrix adhesion has a large effect on the energy absorption 
capability and size of delaminations present in the impacted structure. 
With a greater amount of delamination area more energy is absorbed 
from the impact. However, in most structural applications a reduced 
delaminated area is desired to maintain residual strength [55]. 
Kim et al [57] conducted a study on the low velocity impact response of 
a woven glass/phenolic pre-preg laminate and the effect of 
environmental aging. An impactor with hemispherical tup of diameter 
15.7mm was used during the impact tests. It was concluded from the 
load-time histories of the impactor that up to 2.22J of impact energy 
results in no damage and a regular sine wave output. Damage begins 
to occur in the laminate at or above 6.24J. Above 12.71J a drop off in 
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load recorded by the impactor was seen and delamination and fibre 
fracture occured. This energy corresponds to a load of 3200N and 
indicates the damage initiation load. Energies above 37.67J resulted in 
penetration and the damage area remained constant (Figure 2-9 [57]). 
 
Figure 2-9: Photomicrograph of cross-sectional area of impacted glass/phenolic 
laminates Kim et al [57]. 
Kim et al [13] also concluded that “the trend that an increasing rate of 
maximum load is reduced with the increases of impact energy means 
that stiffness reduction due to damage occurrence is induced.”  
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2.4.2 Interlaminar fracture toughness 
Interlaminar fracture toughness is considered to be the most limiting 
property for composites as it requires the least amount of strain over 
other properties to reduce a material’s structural integrity [58]. Fracture 
toughness is the material’s resistance to crack growth initiated by a pre-
existing flaw or crack that propagates through the brittle matrix material. 
These flaws can exist for a number of reasons including ply drop-offs, 
voids, inclusions, stress concentrations and impact by foreign objects 
[55, 59]. The interlaminar fracture toughness of a material is generally 
measured according to the amount of energy it requires to propagate a 
crack between the layers of reinforcement in the composite. This 
interlaminar crack propagation can result from out of plane tensile 
opening (Mode I), in plane shear (Mode II) and anti plane shear (mode 
III) as shown in Figure 2-10. 
 
Figure 2-10: The different modes of fracture in a composite material  
An extensive amount of work has been conducted on Mode I fracture 
toughness for various composite material systems compared to Mode 
II. Mode I and Mode II fracture toughness are most commonly 
evaluated due to their direct link to the loading mechanisms associated 
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with impact damage tolerance.  Out of plane impact produces a bending 
load on a composite laminate that results in internal shear loadings 
within the laminate. The resistance to this shear fracture from impact on 
a laminate is analogous to Mode II fracture toughness (Figure 2-10) and 
has been found to be closely related experimentally [56, 60]. Damage to 
the integrity of the matrix due to impact loading has the greatest effect 
on matrix dominated mechanical properties, such as compressive 
strength [60]. This is due to the fibres in a composite providing no 
resistance in compression. The in plane compressive failure of a 
composite, post damage or initiation usually leads to a splitting failure 
analogous to Mode I fracture [58], as shown in Figure 2-10.  
The interlaminar fracture toughness of a material is generally measured 
as the strain energy release rate (SERR) G, (J/m2). The most common 
characterisation methods are the Double Cantilever Beam DCB test 
(Mode I) [61]and the End Notched Flexure ENF (Mode II) [62] which are 
described in Chapter 3.  
Interlaminar fracture toughness performance is inherently associated 
with the fibre matrix adhesion performance of the composite. This is 
because the loadings inflicted on the bulk material are attempting to 
separate the composite between two layers of reinforcement that are 
held together by the fibre-matrix adhesion strength. 
It has been demonstrated that phenolic resins alone can possess 
fracture toughness properties comparable to epoxy, vinyl-ester and 
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polyester matrix composites even though other mechanical properties  
of phenolic composites may be lower [63-65].  
2.4.2.1 Mode I interlaminar fracture toughness 
Charalambides and Williams [63] conducted Mode I fracture toughness 
tests on Cellobond J2027L phenolic resole resin, 5% Phencat 10 
catalyst and a vetrotex glass fibre composite that was filament wound. 
Poor fibre matrix adhesion of the fracture surface was observed using 
Scanning Electron Microscopy (SEM). The SEM showed loose, bare 
fibres and areas that show where the fibres have pulled out of the 
matrix indicating that the fracture has occurred at the interface between 
fibre and matrix as shown in Figure 2-11. This behaviour is also 
reported for other brittle non toughened thermosets [66]. Mode I fracture 
surfaces of brittle thermosets are characterised by adhesive (peel) 
failure resulting in ridges and valleys, minimal cusps (also known as 
hackles, a geometric texture present on the fracture surface that 
develops at an angle of 45° to the applied strain) are present unless 
there are some shear forces associated [66]. 
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Figure 2-11: SEM of Mode I fracture surface of a phenolic composite showing 
loose bare fibres indicating poor fibre matrix adhesion [63] 
Fibre bridging (which can be described as the act of a fibre exerting a 
force across the width of a crack) was also reported during the Mode I 
testing as shown in Figure 2-12. Mode 1 initiation G1c values were 
similar for all specimens at around 125 J/m2. It has been shown that 
fibre bridging does not affect the crack initiation energy in Mode I 
samples. A strong dependence on specimen thickness for fracture 
propagation values was found. Fibre bridging was also found to inhibit 
crack growth [63]. The fracture initiation G1c value was smaller than the 
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neat resin fracture toughness which was assumed to be due to poor 
fibre matrix adhesion. 
 
Figure 2-12: Fibre bridging in Mode I testing [63] 
 
2.4.2.2 Mode II interlaminar fracture toughness 
Charalambides and Williams [63] also conducted Mode II End Notch 
Flexure (ENF) and End Loaded Split (ELS) tests of Cellobond J2027L 
phenolic resole resin, 5% Phencat 10 catalyst composite, vetrotex glass 
fibre filament wound composite. GIIc 
 initiation values of 809 ± 66 J/m² were reported. Fibre bridging was 
once again detected. Again poor fibre matrix adhesion was observed 
with no resin remaining on the fibres of the fracture surface. 
Berger et al [67] conducted Mode II interlaminar fracture toughness 
testing of a carbon fibre reinforced phenolic composite at varying 
loading rates and test temperatures. The material was found to be very 
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sensitive to both parameters. At intermediate temperatures the 
material’s Mode II fracture toughness increased and experienced a 
reduced degree of strain rate sensitivity. At high temperatures the Mode 
II fracture toughness increases rapidly with increasing loading rate.  
Mode II interlaminar fracture toughness has been shown to correlate 
well with the Delamination Onset Energy (DOE) of an impact damage 
event in carbon fibre epoxy matrix composites [68]. The DOE of a 
composite is the energy required to initiate a crack in the matrix material 
which leads to a delamination when further load is applied. 
Where Mode I fracture is progressive delamination, Mode II ENF failure 
is found to be characterised by sudden shear failure in brittle 
thermosets [63].  Only the initial fracture energy is then able to be 
reported.  Upon fracture, the resin surface forms into hackles (often 
reported as cusps, lacerations, scallops, platelets, shingles, serrations 
and shear bands [69])  at an angle of 45° to the applied strain, 
perpendicular to  crack propagation direction.  The Mode II fracture 
energy in carbon epoxy composites has been shown to be influenced 
by volume fraction [69], temperature and moisture [70] which affect the 
energy required to shear the fibre from the matrix.  
2.4.3 Interlaminar Shear Strength  
The Interlaminar Shear Strength (ILSS) of a fibre reinforced composite 
is an important parameter in assessing the fibre–matrix adhesion of a 
composite material. Most commercially available carbon fibre or glass 
fibre reinforcements are coated with a sizing that is designed to be 
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compatible with commonly used thermoset resins such as epoxy and 
polyester. The effect of using these reinforcements with phenolic resins 
has been researched extensively with Short Beam Shear tests to 
determine the resulting ILSS and contact angle measurements which 
give a good indication of how well the resin will “wet out” the fibre to 
allow adhesion to take place [71]. 
St John et al [71] found that the predominant interlaminar failure mode 
was delamination of the fibre from the matrix. It was shown that the 
sizing placed on fibre during manufacture of the reinforcement has a 
significant impact on the interlaminar shear strength (ILSS) of the 
composite. ILSS values range from 8 – 40MPa and were influenced by 
the fibre sizing applied. This variation in fibre-matrix adhesion due to 
sizing type has been reported elsewhere in the literature [72]. 
Tavakoli et al [73] conducted a study on the influence of acid catalyst 
(Phencat 10) in J2027L phenolic resole resin on the wettability of glass 
fibres. The addition of more catalyst increased the contact angle and 
thus reduced the wettability of the glass fibres. This reduced wettability 
may contribute to lower fibre matrix adhesion although it was suggested 
this may not be the case over the time of a laminating process. 
2.4.4 Porosity 
Porosity or voids are any discrete regions within a composite that are 
free of matrix or reinforcement material.  
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2.4.4.1 Porosity Development 
Voids or porosity develop and/or remain in composite materials for a 
number of reasons during their manufacture or cure, these include: 
• Entrapment of air, moisture or solvents during manufacture of 
the composite [74]. 
• incorrect temperature or pressure used during cure of the 
composite [74] See (Figure 2-13) 
• The effect of liquid volatiles transforming to vapour due to curing 
conditions. This results in a higher pressure within the void than 
that provided by the consolidation pressure resulting in a void 
within the material [74] 
• Polymerization by -products as is the case with phenolic resins 
[10]. 
 
Figure 2-13: Photomicrograph of a phenolic composite cured with (a) 0.6 MPa 
and (b) 0.0 MPa of absolute pressure. {Liu.L et al [43, 47, 75]} 
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2.4.4.2 Impact of porosity on mechanical properties 
Matrix dominated mechanical properties are shown to be greatly 
affected by the inclusion of voids in a composite laminate. Research 
has shown significant variations in interlaminar shear [43, 46, 47], 
compressive strength [75-77], transverse strength (perpendicular to 
fibre direction) [45, 46, 75, 76], flexural [11, 45, 46, 75], fatigue [42, 78] 
and fracture toughness [17, 40, 79-82] due to an increase in void 
content. Fibre dominated properties are shown not to be as significantly 
affected by voids [75]. The following sections summarise the research 
and findings relating to the effect of porosity on specific composite 
properties. 
Interlaminar shear strength (ILSS) 
Wisnom et al [47] proposed that for carbon fibre reinforced epoxy 
composites, interlaminar shear strength (ILSS) was reduced by 
between 8 and 31% for voids ranging in size between 0.28mm and 
3.0mm. This study simulated the effect of voids within a laminate by 
embedding PTFE monofilaments, tubes and strips at the mid-plane of 
unidirectional laminates. They also suggest that “the commonly 
observed decrease in interlaminar shear strength with increasing void 
content is caused by the combination of the reduction in cross-sectional 
area due to distributed voids, together with initiation of failure from 
individual voids if they are sufficiently large”.  
Similar results have been reported by Costa et al [43]. It was also 
reported that the decrease in ILSS was due to the shear cracks 
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nucleating from the voids [43]. Liu et al [46] reported a 6% decrease in 
ILSS for every 1% void content in a carbon/epoxy laminate constructed 
with fibres evenly distributed in both the 0° and 90° directions [0/90]. 
ILSS of a composite is shown to be a good indication of fibre matrix 
adhesion [83] which also has a significant effect on matrix dominated 
composite properties, see section 2.4.3. 
Transverse properties 
Olivier et al [75] found the transverse strength and modulus of carbon 
fibre / epoxy laminates to be reduced by up to 30% and 10%, 
respectively, with a void content of 10%. The void size and shape was 
shown to have an influence on results of different samples for an equal 
overall void content but a different position or size within the sample.  
Flexural properties 
Olivier et al [75] found for a given void content the flexural modulus of a 
composite sample decreased by 15% for large voids compared to only 
5% for smaller voids. Hagstrand et al [45] found that with fibre 
reinforced polypropylene the flexural modulus was decreased by 20% 
for a void content of 14% and flexural strength decreased by 28% for 
the same void content. Liu et al [46] found that for a carbon epoxy [0/90] 
laminate the flexural strength fell by 22% for a void content of 3.2%. 
The bending modulus fell by 18% for the same void content. 
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Compressive properties 
Suarez et al [77] found that the compressive strength of a laminate 
decrease by up to 40% for 4% void content in a carbon fibre/epoxy 
unidirectional laminate. Schultheisz et al [84] also found a reduction in 
compressive strength for an increase in void content. In this case a 
composite with fibre volume fraction of 70%, a 7% void content (by 
matrix volume) was seen to lower the compression strength by 56%, 
and for a 3% void content by 32%. 
Interlaminar fracture toughness 
The effect of voids on fracture toughness is an area of much research 
interest. Conflicting results have been reported particularly relating to 
Mode I fracture toughness.  
Asp et al [40] Investigated the effect of voids on a carbon/epoxy 
composite and found that voids had no effect on Mode I initiation 
properties but provided a significant increase in Mode I propagation 
resistance.  
Li et al [80] investigated the effect of pressure on fracture behaviour 
which resulted in different void contents within the laminate. The 
increase in void content resulted in an increase in Mode I propagation 
resistance. Li and Asp [40, 80]both noted a higher degree of sub cracks 
and fibre bridging during propagation in the laminates with higher void 
contents which may have resulted in the increased Mode I propagation 
resistance. 
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Ricotta [82] used a finite element modelling approach to investigate the 
influence of voids on Mode I interlaminar crack propagation through a 
laminate. This work highlighted that void location, shape and spacing 
can impact crack propagation. In summary this analytical approach 
reported that the fracture toughness increased in the following 
circumstances: 
• The dimension of the void increased 
• The distance between the crack tip and the void decreased 
• Voids remained spherical. Eliptical voids of the same volume as 
a spherical void decrease the fracture toughness as the 
longitudinal size of the void is the defining dimension in terms of 
crack propagation performance.  
It has been suggested that the cause of increased Mode I propagation 
fracture toughness is due to fibre bridging [17, 79]. Fibre bridging can 
be the result of fibre nesting or a weak fibre matrix interface in 
unidirectional laminates [59, 79, 85, 86]. 
Bradley and Cohen [87] suggest a possible cause of fibre bridging in 
tough matrices may be that a plastic zone around the crack tip extends 
into several plies on either side of the delamination plane. This can 
result in fibre bridging from an adjacent ply if this plastic zone 
encounters a defect such as a void.  
Olivier et al [88] contrary to other results found that an increase in void 
content by 5% for a carbon/epoxy composite decreased the Mode I 
fracture toughness by approximately 22%. This result is significantly 
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different to what other authors have found for the effect of porosity on 
Mode I fracture toughness. 
Mouritz et al [81] investigated the effect of high void contents in a  
fibreglass/polyester composite on Mode I interlaminar fracture 
toughness. In this case the high void content was simulated through the 
use of microspheres added to the matrix during manufacture of the 
laminates. It was found that Mode I interlaminar fracture toughness fell 
with increasing void content up to 15%; beyond 15% the values 
remained low and reasonably consistant. 
In general there is conjecture in the literature surrounding the effect of 
void content on Mode I interlaminar fracture toughness. It is important to 
note, though, that the conclusions drawn by authors relate specifically 
to the materials that were tested and the associated manufacturing 
techniques and in some case the use of fillers in the matrix to simulate 
the effect of voids. 
Mode II interlaminar fracture toughness and it’s relationship with void 
content in composites has been studied by Asp et al [40] and Zhang et 
al [16]. 
It has been found that Mode II interlaminar fracture toughness is 
sensitive to void content. All results reported in the literature indicate a 
decreasing Mode II interlaminar fracture toughness performance with 
increasing void content. Asp et al [40] reported an 8% reduction in 
Mode II crack initiation for a laminate containing voids when compared 
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to a void free laminate. Zhang et al [16] found a similar response with 
laminates containing voids resulting in decreased Mode II performance. 
From the extensive work presented in this section it is clear that 
porosity within a composite laminate can have a significant influence on 
the matrix dominated properties of the material. However there is a lot 
of conjecture regarding what this influence is in many cases. It would 
appear that different composite materials and material architectures 
react differently in the presence of porosity so a general rule does not 
exist. 
2.4.4.3 Porosity in phenolic composites 
Due to the high initial water content and the evolution of water during 
the polymerisation of phenolic composites they inherently have much 
higher void content than other thermoset materials. It has been shown 
that a void content of around 20% is common for liquid moulded resole 
phenolic composites [71]. 
It has also been suggested that the porous nature of phenolic resin 
leads to scatter in tested failure strengths. This is due to the uncertainty 
of the internal material structure of the material in the region being 
tested [75].  
Wolfrum and Ehrenstein [89] found that the processing conditions, more 
specifically the concentration of catalyst in a phenolic resin, has a 
significant impact on the void content and the void size of a phenolic 
neat resin sample (Figure 2-14). It was determined that a variation in 
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cure temperature did not influence the void content as much as the 
changes in catalyst percentage.  
 
Figure 2-14: SEM fracture surface images of neat resin samples cured with 7% 
(top) and 15% (bottom) acid catalyst illustrating the difference in void size and 
quantity [89]. 
Significant improvements in the mechanical properties of a phenolic 
composite owing to a reduced void content were demonstrated by Hou 
et al [39] (Figure 2-15) .  
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Figure 2-15: Optical micrograph of phenolic composite cured with single 
vacuum bagging process (top) and novel double vacuum bagging process 
(bottom) {Hou et al[39]}. 
This reduction in void content is attributed to the double vacuum 
bagging method used during manufacture. The results of various 
mechanical properties are shown in Table 2-1 which compares the 
results for the novel double vacuum bagging process (last column) with 
a conventional single vacuum bag process and what the material 
manufacturer has specified. Improvements in Short Beam Shear (ILSS) 
strength, flexural strength, tensile strength and compressive strength 
are noted. 
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Table 2-1: Mechanical property variation due to processing conditions of E-
glass/Cycom  6070 {Hou et al [39]}. 
 
 
2.4.5 Thermal Analysis 
Dynamic Mechanical Analysis (DMA) is often conducted on thermoset 
polymers to determine their stiffness with respect to temperature. It has 
been shown that phenolic resins show almost no decrease in elastic 
modulus as temperature is raised due to their high cross-link density 
[90]. The glass transition temperature generally occurs above 200°C 
when the polymer is fully cross-linked while charring and decomposition 
starts at approximately 400°C [91]. 
Landi et al [91] studied the effect of moulding time and temperature on 
the modulus and glass transition of a novolac phenolic resin. It is 
suggested that low degrees of cure from short cycle times or with low 
mould temperatures lead to more complex modulus/temperature curves 
showing more than one dramatic change in modulus as the temperature 
of a moulded part increases [91]. Contrary to other thermosets it has 
also been found that the modulus at room temperature is higher in 
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materials cured at lower temperatures which has been found to be 
related to the cured materials specific gravity [89, 91]. Post-curing 
phenolic resin samples have been shown to normalise results in terms 
of the glass transition temperature achieved for samples cured with 
different mould temperatures and for different lengths of times [91]. The 
specific gravity of samples is also shown to decrease during post-cure 
but to a smaller extent in higher temperature cured material [91]. This 
may be due to the continuing polymerisation reaction (higher degree of 
cure) further expressing by products, which results in a lower specific 
gravity of the sample. 
The glass transition temperature of phenolics does not directly 
correspond to the temperature at which the resin was cured like other 
thermosets, such as epoxies. The glass transition temperature of a 
phenolic resin may be much higher than its cure temperature [36]; no 
explanation  is given by Horrocks [36], however it is most likely related 
to the  highly cross-linked nature and significant aromatic content of the 
polymer. 
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2.5 Summary  
Research in the fields of damage tolerance, production speed and 
processing variations of composites although somewhat extensive in 
general is limited when fire resistant phenolic composites are 
considered. This may be the result of a limited need for this information 
in the past. However, with the increased focus on fire safe materials in 
transportation, the structural and life cycle performance of these 
materials is of great interest to designers and manufacturers.  
There is a large push in the composites industry to reduce 
manufacturing times through the use of alternative manufacture and 
curing techniques. These techniques aim to reduce the cost and thus 
increase the viability of composites for more applications that will, in 
turn, reduce mass and carbon emissions. 
The literature demonstrates the significance of improving material 
properties. Previous research has shown that material properties are 
greatly affected by composite processing variations. These variations 
have been attributed to differences in the material characteristics such 
as the presence, size and distribution of voids, chemical structure, 
degree-of-cure and fibre matrix adhesion. These variations have been 
shown to greatly influence the mechanical, as well as fracture and 
damage performance of composite materials including phenolic 
composites. 
This current work focuses on assessing the rapid curing of a low 
viscosity liquid moulding phenolic resole resin and the effect the curing 
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regime has on the fracture and associated damage tolerance 
performance of the material. The understanding of any variations in 
these properties will lead to a greater understanding of how the fracture 
mechanics and their associated chemical and mechanical structures 
differences are influenced by rapid manufacturing approaches.  
It has been demonstrated that the cure cycle variation affects the 
properties of a phenolic resin. Unlike other thermoset polymers, 
phenolic resins do not conform to commonly observed relationships 
between modulus and degree of cure development. This type of 
phenomenon sets the area of phenolic composite research apart from 
other thermosets. Trends observed with other materials are not able to 
be directly related to phenolic materials so more relevant research is 
required on this topic. 
The author is unaware of any prior work relating the fracture toughness 
and thus damage performance of phenolic composites when processing 
conditions are varied with a view towards reducing manufacturing times.  
The understanding of these material properties and their variation in 
terms of manufacturing efficiency will enable reduced manufacturing 
times for phenolic composites while being able to appreciate what effect 
these changes will have on the mechanical, fracture and damage 
performance of the composite laminate.  
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C H A P T E R  T H R E E  
3 Experimental 
This chapter has two main objectives. Firstly the materials and methods 
employed to obtain the results throughout this work are described in 
detail. The difficulties of processing liquid moulded phenolic composites 
cured under vacuum follows. The development of the manufacturing 
technique used throughout the thesis is described and evaluations are 
made between laminates produced with this technique and others 
produced with conventional techniques. 
3.1 Materials and methodology 
3.1.1 Materials 
The materials used throughout this work are described below. 
3.1.1.1 Resin system 
Cellobond J2027L phenolic resole resin was chosen for the study. 
J2027L is a low viscosity proprietary system used in a number of 
industries. No chemical structures are available for this resin but it is 
known to be resole based. J2027L is suitable for processing with 
methods such as resin infusion, RTM and vacuum injection. For part of 
this work the use of an acid catalyst (Phencat 10) was employed. 
Phencat 10 is a phenolic catalyst based on organic sulphonic acids. 
Both materials were supplied by Hexion Specialty Chemicals Pty Ltd. 
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3.1.1.2 Reinforcements 
Two types of carbon fibre reinforcement architectures were used in this 
work. A non-crimp stitched fabric; Formax FCIM136 NCF with an aerial 
density of 451 gm-2 and a woven 2x2 twill fabric from Porcher Industries 
3855/12 with an aerial density of 426 gm-2. In all trials 10 layers of 
reinforcement were used. Both materials were supplied by Ironbark 
Composites Pty Ltd. 
 
3.1.1.3 Consumables 
Various consumables were used during the production of the test 
specimens.  
Release agent:  K+H surface technologies semi permanent release 
SRC722 supplied by K+H surface technologies Pty Ltd. 
Sealant tape: Airtech ‘AT200Y’ 1/8” x 1/2” x 25' supplied by Interturbine 
Advanced Composites Pty Ltd 
Release film: Fluoropolymer release film, Unperforated ‘Wrightlon 5200’ 
supplied by Interturbine Advanced Composites Pty Ltd 
Peel ply: Airtech ‘Stitch Ply A’ peel ply supplied by Interturbine 
Advanced Composites Pty Ltd 
Breather: Airtech ‘Airweave N10’ supplied by Interturbine Advanced 
Composites Pty Ltd 
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Vacuum bag: Airtech ‘Stretchlon 700’ supplied by Interturbine Advanced 
Composites Pty Ltd. 
3.1.1.4 Tooling 
The tooling was constructed using an aluminium plate as the moulding 
surface. A one piece machined aluminium ‘edge damn’ and matching 
silicone gasket were bolted to the aluminium plate. The aluminium plate 
used for the moulding surface was nickel coated by Electromould Pty 
Ltd to prevent corrosion initiated by the phenolic resin. An aluminium 
caul plate clamped in place on the outside of the composite materials 
and vacuum bag using 6 steel braces and bolts is shown in Figure 3-1. 
More detail on the manufacturing process is given in Section 3.2. 
 
Figure 3-1: Through thickness infusion tooling constructed for manufacturing of 
composite panels 
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3.1.2 Methods of Cure 
The composite test specimens were cured using an oven or using the 
Quickstep process. Both methods are described below. 
3.1.2.1 Oven Cure 
The oven cures were conducted in a Binder FED400 forced conduction 
heating oven. The complete vacuum bagged mould was placed into the 
oven whilst still connected to the vacuum pump through an external 
oven port. The cure cycle ramp rates were controlled by the inbuilt 
temperature controller to 2°C/min. For cooling, the oven was turned off, 
kept closed and allowed to slowly cool over night. Isothermal cure 
temperatures were varied according to desired cure cycles. 
3.1.2.2 Quickstep Cure 
The QS5 supplied by Quickstep Pty Ltd at Deakin University (Figure 3-2 
and Figure 3-3) was used in all quickstep cures of test specimen 
laminates. The machine was set to 10kPa bladder pressure and 
approximately 30kPa nitrogen pressure. Thermocouples were placed at 
both ends of the tooling. 
The heating rate for the Quickstep cured samples were maintained as 
fast as possible for the selected cure cycle (approximately 8°C/min). For 
cooling, the fluid was evacuated from the tool and the Quickstep was 
turned off. The tool and part were allowed to slowly cool over-night. 
Isothermal cure temperatures were varied according to desired cure 
cycles.  
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Figure 3-2: The Quickstep universal tool and Quickstep plant at Deakin 
University. 
 
 
Figure 3-3: Schematic of Quickstep tool 
 
3.1.3 Test Specimen Preparation 
 
3.1.3.1 Water jet Cutting 
Computer controlled water jet cutting of the laminate into specimens 
sized for each mechanical test were chosen as it is the industry 
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standard for accurately cutting flat laminates and can be repeated easily 
for each laminate. 
All test specimens were water jet cut from the large panels by HP 
Profile Cutting Pty Ltd according to the supplied cutting profile. 25 mm 
were trimmed from the edge of each panel to negate any edge defects 
such as resin rich domains and areas not encapsulated by the caul 
plate. 
3.1.3.2 Fracture toughness initiators 
Fluoropolymer release film ‘Wrightlon 5200’ (25μm thickness) was 
inserted mid-laminate for the purposes of Mode I and Mode II fracture 
toughness coupon testing. The placement of these initiators was 
conducted according to the European Structural Integrity Standards [61, 
92].  
3.1.4 Mechanical Testing 
3.1.4.1 Flexural 
Flexural testing (Figure 3-4) was conducted according to ASTM 
standard D790M [61] on a Lloyd LR30k testing machine with a 10kN 
load cell. A span to depth ratio of 16 to 1 was used, resulting in a 
specimen width of 10 mm and a length of 80 mm for a nominal 
thickness of 4 mm. Crosshead speed was 1.7 mm/min. 
 
  60 
 
Figure 3-4: Specimen geometry for flexural testing of composite samples  
 
Four samples were tested for each laminate with a span of 64 mm and 
the radius of the supports was 3 mm. Load vs. extension data was 
recorded for each. From this data  the materials flexural modulus and 
flexural strength were determined.  
The Flexural modulus was determined using Equation 3-1 
EB = L3m / 4bd3 
Equation 3-1: Flexural modulus formula. where: EB = modulus of elasticity in 
bending (MPa), L = support span (mm), m = slope of the tangent to initial 
straight line portion of load Vs extension curve N/mm of deflection, B = width of 
sample tested (mm). D = thickness of sample tested (mm). 
 
The Flexural strength was determined using Equation 3-2 
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σflex = 3PS / 2bh2 
Equation 3-2: Flexural strength formula. Where σflex = flexural strength (Pa), P = 
maximum achieved load (N), S = span length (m), b = specimen width (m), h= 
specimen thickness (m). 
 
3.1.4.2 Mode I Double Cantilever Beam (DCB) 
Mode I fracture toughness was evaluated using Double Cantilever 
Beam (DCB) testing and conducted according to European Structural 
Integrity Society, Protocol for interlaminar fracture testing No. 1 [62]. A 
Lloyd LR30k testing machine with a 10kN load cell was used for the 
tests. The test specimen’s dimensions were 120 mm long, 20 mm wide 
and nominally 4 mm thick. Crosshead speed was 2.5 mm/min and the 
crack tip propagation was monitored visually with the aid of a 
magnifying glass.  
Laminates were 10 plies of woven or NCF reinforcement in a quasi 
isotropic layup. Release film crack initiators were placed mid laminate 
according to the standard. Four test specimens were tested from each 
laminate.  
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Figure 3-5: Mode I DCB testing of phenolic carbon fibre composite samples 
 
 
Figure 3-6: Specimen geometry for Mode I DCB testing (P = applied load, a = 
initial crack length, B = specimen width, 2h = specimen thickness 
 
  63 
Aluminium load blocks were bonded using cyanoacrylic anaerobic 
adhesive (super glue) to the DCB specimens according to the ESIS 
protocol. A white paint (Uni POSCA paint pen) was used to mark the 
edge of each sample in order to easily measure the crack length during 
the testing. Prior to testing markings were made from the end of the 
initiator every 1mm for the first 5 mm and then every 5 mm for the 
remaining sample length as can be seen in Figure 3-6.  
Crosshead displacement and corresponding load were recorded as the 
crack tip propagated through each measurement marked on the side of 
the specimen. From these readings the Mode I critical energy release 
rate Gic can be calculated using Equation 3-3 (Corrected Beam Theory). 
Gic = 3Pδ / 2B(a + |Δ|) 
Equation 3-3: GIc formula (Corrected Beam Theory). Where P = load (N), δ = 
crosshead displacement (m), B = specimen width (m), a = crack length (m) and 
Δ = crack length correction factor. 
The resistance to crack growth as a function of crack length (R-
Propagation curves) for each sample are constructed by plotting the 
instantaneous Gic values against their corresponding crack lengths. 
 
3.1.4.3 Mode II End Notch Flexure (ENF) 
Mode II fracture toughness testing were evaluated using End Notch 
Flexure (ENF) testing. The testing was conducted according to the 
European Structural Integrity Society, protocol for interlaminar fracture 
testing No.2 [62]. Tests were conducted on a Lloyd LR30k testing 
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machine with a 10 kN load cell. The test specimen’s dimensions were 
120 mm in length, 20 mm wide and nominally 4 mm in thickness. 
Crosshead speed was 1 mm/min. 
Laminates were 10 plies of woven or NCF reinforcement in a quasi 
isotropic lay-up. A release film crack initiator was placed mid laminate 
according to the standard. Four test specimens were tested from each 
laminate. 
The specimens were tested in a three-point bending rig with a span of 
100 mm (Figure 3-7). The data for load and crosshead displacement 
were recorded for each sample and the fracture propagation energy GIIc 
was calculated corresponding to the maximum load achieved before 
failure of the specimen using Equation 3-4 (Direct Beam Theory) [93]. 
GIIc = 9a2Pδ / 2B(2L3+3a3) 
Equation 3-4: GIIc formula (Direct Beam Theory). Where P = maximum load (N), δ 
= maximum deflection (m), a = crack length (m), B = specimen width (m), L = half 
support span (m). 
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Figure 3-7: Mode II ENF specimen and loading geometry. P = applied load, a = 
crack length, 2L = support span. 
 
3.1.4.4 Short Beam Strength (SBS) 
Short beam strength is a good indicator of matrix performance, in 
particular the performance of the adhesion between the fibre and the 
matrix. SBS testing was conducted according to ASTM D2344 using a 
Lloyd LR30K testing machine with a 10kN load cell. A span to depth 
ratio of 4:1 and crosshead displacement of 1mm/minute were 
employed. The test specimen’s dimensions were 35mm long, 12 mm 
wide and nominally 4 mm thick. The specimen size and loading 
geometry are shown in Figure 3-8. 
The short beam strength was calculated according to Equation 3-5. 
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σsbs = 0.75 x (P / b x h) 
Equation 3-5: Short Beam Strength formula. Where σsbs = short beam strength 
(Pa), P = maximum load (N). S = span length (m), b = specimen width (m). H = 
specimen thickness (m). 
 
 
Figure 3-8: Short Beam Strenth specimen and loading geometry. P = applied 
load. 
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3.1.5 Characterisation 
3.1.5.1 Void Content 
The void content of the composite specimens was determined by 
optical microscopy.  Optical microscopy was chosen as the primary 
technique for the analysis of void content where not only the void 
content can be observed but also the relative size of the voids within the 
composite. 
Microscopy 
Samples from varying sections of the laminate were mounted in an 
optical casting resin, wet sanded with 250, 320, 600 and 1200 grit paper 
before being polished down to a 1μm surface finish using a Struers 
RotoPol-21 auto-polisher. 
Polished samples were viewed using an Olympus BX51M optical 
microscope and camera at the required magnification with 5 micrograph 
pictures recorded for each sample at various locations throughout the 
sample using analySIS getIT software by Olympus Soft Imaging 
Solutions GmbH. The void contents for each magnification were 
averaged to determine the void content detected for that magnification. 
The difference in void content at different magnification levels highlights 
the difference in the size of voids. A magnification of 500× gives a good 
representation of the percentage of ‘micro’ voids present amongst the 
individual carbon fibres while the 50× magnification gives a good 
representation of the percentage of ‘large’ voids found in-between the 
fibre tows. 
  68 
The void content of each micrograph was determined using Olysia m3 
software with the following procedure: 
1. Open the micrograph image in Olysia m3 
2. Image menu -> set frame -> select the region of interest 
3. Image menu -> set thresholds. It is critical to maintain a 
consistent approach to this step to ensure accurate void content 
readings from the software. It was found that in general the best 
results were found by setting ‘phase1’ threshold to the minimum 
point on the blue threshold line as seen in Figure 3-9. 
 
Figure 3-9: Setting the threshold value 
4. Oper menu -> Binarize -> select phase 1-> press ok 
5. Measure menu -> Phase Analysis. The percentage of black Vs 
white areas is given and recorded for each micrograph. 
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6. All void content percentages from the micrographs of one sample 
are averaged and the standard deviation is also recorded. 
 
3.1.5.2 Fibre Volume Fraction 
The Fibre Volume Fraction was determined numerically as it proved 
inaccurate to determine the FVF optically due to the large void content, 
and the associated errors it introduces. 
Equation 3-6 was used to calculate FVF from knowing the actual 
measured aerial density of the fibre, the cured density of the matrix 
resin, the void content of the sample, the dimensions and mass of an 
accurately machined rectangular laminate with a known number of 
fabric plys in order to determine the fibre mass. 
FVF = ((VT – ((MR / σR) + (VC x VT))) / VT) x 100 
Equation 3-6: Fibre Volume Fraction Percentage formula. Where FVF = Fibre 
Volume Fraction percentage, VT = total laminate volume (m3), MR = total resin 
mass (kg), σR = cured resin density (kg/m3), VC = void content. 
 
 
3.1.5.3 Rheology 
Resin system viscosity profile data was obtained using an ARES 
rheometer (TA Instruments). The software that was used to interpret the 
data was TA Orchestrator version 7. Approximately 10 mg of resin was 
placed between the two parallel plates with a gap of 1 mm. The tests 
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were run in dynamic temperature ramp mode using the heating rate and 
isothermal cure temperature that the test specified. The strain and 
frequency used were 10% and 1 rad/s, respectively.  
3.1.5.4 DMA 
Dynamic Mechanical Analysis was conducted on composite samples 
according to ASTM standard D7028-07. A TA instruments DMA Q800 
was used. A strain of 0.5% was used with a temperature ramp rate of 
2°C / minute from room temperature to 350°C. 
3.1.5.5 Scanning Electron Microscopy 
Fracture surfaces of the composites subjected to Mode I and Mode II 
interlaminar fracture testing were mounted and viewed using a Leica 
S440 Scanning Electron Microscope (SEM). Each specimen was 
mounted on an aluminium “stub” with carbon adhesive tape before 
being edge painted with silver conductive paint and then gold coated.  
3.1.5.6 Nuclear Magnetic Resonance (NMR) spectroscopy 
Solid state (CP/MAS) 13C NMR was conducted on resin samples to 
determine the chemical structure. A Jeol JNM-ECP 400 MHz instrument 
was used. Samples were mechanically ground using initially a mortar 
and pessel and then a mechanical grinder. 
 
3.1.5.7 Fourier Transform Infrared (FTIR) spectroscopy 
FTIR was conducted on a BioRad FTIR spectrometer with KBr discs. 
Samples were ground using a mechanical grinder. The sample was 
added to potassium bromide (KBr) at a ratio of 4 mg sample to 400 mg 
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KBr and further ground in a mortar and pestle. The powder was then 
pressed in a hydraulic press under vacuum to create the KBr sample 
disc. The disc was then analysed using BioRad software. 
3.2 Development of a rapid technique for 
manufacturing liquid moulded phenolic 
composites 
In this section the difficulties of processing liquid moulded phenolic 
composites cured under vacuum are discussed and potential solutions 
suggested. The development of the manufacturing technique used 
throughout the thesis is described and comparisons made between 
laminates produced with this technique and others produced with 
conventional techniques mentioned in the literature. 
3.2.1 Problems with liquid moulding infusion 
techniques 
A number of methods for resin infusion are used to manufacture 
composites in industry due to the high quality of the resulting 
components and their low cost compared to other manufacturing 
methods. Vacuum assisted techniques are the most commonly used 
infusion techniques for composites manufacture. There are many 
variations of this process such as VARTM. The common factor in these 
processes is that after vacuum bagging of the dry preform, the resin 
infuses into the reinforcement due to the pressure differential created by 
the vacuum pump and the atmospheric pressure on the outside of the 
bag and the resin inlet vessel. This technique works well to infuse low 
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viscosity resins and maintains adequate consolidation pressure on the 
laminate using only one-sided tooling. 
The use of vacuum can have an adverse affect on composite 
properties; especially if moisture or reaction by-products are present as 
is the case with phenolic resins. As the temperature is increased and 
the pressure is decreased (ie vacuum increased) the volume of any 
water molecules can dramatically increase if not properly constrained, 
(Figure 3-10). The result of this is that the void content of the laminate 
also increases. This increase in void size is what can negatively impact 
the material [12]. 
Figure 3-10: The response surface for the relationship between water vapour 
pressure, temperature and volume relationship. Graphic created by author. 
 
Large amounts of water (5-10%wt [10]) are evolved from phenolic 
resins during the polymerisation condensation cure reaction. At the cure 
temperature the substantial vacuum used for consolidation pressure 
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increases the volume of the condensed water due to a change in state 
from liquid to vapour. This evolution of vapour can result in a poorly 
consolidated and highly voided laminate (Figure 3-11).  
 
Figure 3-11: Resin infused laminate cured under relatively high vacuum and 
high temperature. In this case the evolution of volatiles as vapour was greater 
than the vacuum system could dissipate which resulted in an “inflated” 
laminate. Laminate produced by author during early trials. 
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The cause of this problem is attributed to the relationship between 
water vapour volume, temperature and pressure. The relationship 
presented in Figure 3-10 was developed from data presented in steam 
tables [94] and is valid for unconstrained volumes of water. The 
response surface was plotted for values of temperature and pressure 
commonly used in these infusion processes. Figure 3-10 demonstrates 
that the largest influence on water vapour volume is pressure. The 
response surface provides a clear visual understanding that decreasing 
the amount of vacuum on the laminate has the most dramatic influence 
on void volume. However, the reduction of vacuum during cure may 
have an adverse effect on the consolidation pressure on the composite 
during cure. As mentioned previously, Figure 3-10 is valid only for a 
unconstrained system where the water vapour is free to expand. In 
reality a composite laminate cured with a vacuum bag approach is not 
an unconstrained system. Kardos et al [95] developed a  void stability 
map for pure water void formation in epoxy matrices (Figure 3-12). This 
work takes into account the presence of a vacuum bag and the external 
“constraining” pressure this applies. In the case of a phenolic matrix 
composite cured under vacuum at temperatures above 100°C void 
growth is still possible. 
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Figure 3-12: Void stability map for pure water void formation in epoxy matrices 
[95] 
Lower vacuum levels may be used to combat the problems associated 
with increasing void volume. However, the achievable distance travelled 
by the resin flow front is significantly reduced as a consequence of 
Darcy’s law. Darcy’s law is a simple proportional relationship between 
the permeability through a porous medium, the viscosity of the fluid and 
pressure drop over a given distance. It is described in Equation 3-7. 
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Equation 3-7: Darcy’s law. Where Q = the total discharge in (m³/s). k = the 
permeability of the medium (m²), A = the cross-sectional area to flow. (Pb − Pa) = 
the pressure drop. μ = the dynamic viscosity in (kg/(m·s) or Pa·s), and L = length  
in which the pressure drop takes place.  
 
In order to maximise the efficiency of an infusion it is important to 
design the experiment to minimise the distance the resin must 
permeate through the reinforcement material. One way is to significantly 
reduce the distance travelled by the resin is to infuse through the 
thickness of the laminate rather than from one side to the other. This 
approach is used in manufacturing techniques such as Resin Film 
Infusion (RFI) [96, 97] and Resin Spray Transmission (RST)[98]. 
Resin Film Infusion (RFI) has been used successfully in specialised 
applications within the marine and aerospace industries but is not 
extensively utilised outside these industries [97]. This process involves 
laying up dry fabrics that are interleaved with layers of a semi solid resin 
film. This material stack is then vacuum bagged and heated to allow the 
resin to melt and impregnate the dry fabric before polymerization of the 
resin occurs. This manufacturing technique is generally only used for 
epoxy resins. This process is generally said to have the advantages of 
a pre-preg system with reduced cost; however, the lay up process can 
be more labour intensive as the number of layers that need to be placed 
into tooling significantly increases. 
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Resin Spray Transmission (RST) involves spraying hot resin onto a cold 
mould where its viscosity instantaneously increases due to the 
temperature change. This increase in viscosity keeps the resin in place 
on the mould where it is applied. The amount of resin sprayed onto the 
mould can be controlled according to localised laminate thicknesses 
and geometry. As the resin is “chilled” onto the mould surface it cannot 
impregnate the dry fabric preform that is placed on top of the resin until 
the mould is heated through the use of the Quickstep process. The 
Quickstep compacts the materials and allows impregnation to take 
place through heating of the tooling, which reduces the resin viscosity 
and finally cures the part in the mould. This process has not yet been 
adopted commercially as further research and development is required. 
3.2.2 Development of Through thickness infusion 
manufacturing technique 
To address some of the short comings described in the previous section 
a manufacturing technique for producing flat resin infused liquid 
moulded phenolic laminates was developed in the current work and is 
termed Through thickness infusion for the purposes of this work. 
The process is a through thickness resin infusion, similar in concept to 
the RST process where the resin infuses into the pre-form in the z 
direction through the thickness of the part. The resin is poured into a flat 
mould that has a sealed frame fastened to the top surface, (Figure 
3-13). A measured amount of liquid phenolic resin according to the 
desired fibre volume fraction is poured into the mould before the layers 
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of reinforcement are floated on top of the resin.  The lay-up sequence is 
as follows and can be visualised in Figure 3-14: 
1. Coat mould with release agent 
2. Pour resin onto mould surface 
3. Apply reinforcement 
4. Apply perforated release film (sealed at edges with sealant tape) 
5. Apply breather fabric 
6. Apply vacuum Bag 
7. Place aluminium caul plate (the size of the reinforcement) on top 
of lay-up. 
Having the caul plate installed above the release film and breather 
allows gases to escape while still maintaining even pressure distribution 
across the laminate. Weights or bolted down beams can be added to 
the caul plate if more pressure is required. 
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Figure 3-13: Through thickness infusion tooling. Nickel coated aluminium plate 
with fastened picture frame resin dam. A silicone seal is used to prevent resin 
leakage. 
 
Once the lay-up is sealed and placed under the desired vacuum the 
resin begins to infuse through the reinforcement layers and any excess 
resin is bled out through the perforated release film and absorbed by 
the breather material. 
 
Silicone 
Picture frame resin 
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Figure 3-14: Through thickness infusion lay-up sequence. The perforated 
release film, breather and vacuum bag are added before the caul plate to allow 
gasses an escape route while still maintaining consolidation pressure. 
 
The advantage of this manufacturing technique is attributed to the 
through thickness infusion and caul plate positioning. The through 
thickness infusion means the resin must only travel a small distance to 
fully infuse the laminate. Therefore a lower vacuum level can be used 
according to Darcy’s law. Moreover the use of the caul plate facilitates 
the possibility of adding additional external pressure for consolidation 
and reducing void growth purposes during cure without the negative 
effects of higher vacuum. The manufacturing process is also very fast 
with the complete process sequence of pouring resin into the mould to 
placing tooling in the heating device to initiate cure taking about 10 
minutes.  
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Figure 3-15: Laminates manufactured with Through thickness infusion 
manufacturing technique 
 
3.2.3 Characterisation of test laminates 
Test laminates were manufactured using the Through thickness infusion 
manufacturing technique to assess the viability of the technique and 
quality of laminate produced. Examples of cured phenolic resin carbon 
fibre Through thickness infused laminates can be seen in Figure 3-15. 
Through literature investigation it was found that the void content for 
low-pressure liquid moulded phenolic resole composites is usually in 
the order of up to 20% [38, 39, 71, 73].  
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Figure 3-16: Through thickness infused test laminate with 17.6% void content at 
50x magnification 
The laminates were manufactured using woven fabric. The resin was 
cured without the assistance of a catalyst at 100°C for 4 hours in a 
convection oven. The caul plate was used in this case and was held 
down with 3 steel members on each side of the tooling that were bolted 
together with 10 mm, high tensile bolts to a torque of 10N.m This bolt 
torque results in a pressure across the caul plate of approximately 
19kPa. The laminate was assessed for void content and fibre volume 
fraction. Figure 3-16 illustrates a typical laminate cross section with 
17.6% void content. This correlates well with that found in the literature 
[99]. St John et al [71] produced unidirectional glass/phenolic 
composites using a ‘leaky’ mould method. A glass content of 
approximately 62wt% was recorded with a void content of 11.8%. This 
study highlighted the issues with voids in phenolic composites and in 
particular the reduction in interlaminar shear strength as a result of 
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these voids. St John et al [71] described the inclusion of voids in a 
phenolic matrix in the following manner; “As the molecular weight 
increases, the water already present in the resin and that produced 
during the reaction becomes incompatible with the curing resin and 
phase- separates to produce water domains. These are observed as 
‘microvoids’ 2 – 10 μm in diameter in the cured matrix. The size of 
these domains is governed by the surface tension of the resin and the 
rate and extent of the curing reaction.”  
It has been shown that the pressure at which a laminate is cured is the 
dominant influence on the resulting fibre volume fraction of a phenolic 
laminate [99] (Figure 3-17).   
Figure 3-17: {Kim J.W et al [99]} relationships found between cure pressure, 
laminate thickness and fibre volume fraction 
Figure 3-17 demonstrates that as the pressure increases on a laminate 
during cure the fibre volume fraction increases and the laminate 
thickness decreases. The fibre volume fraction for the cross section 
represented in Figure 3-16 was found to be 57%. This follows the trend 
presented by Kim et al [98] for the manufacturing pressure on the 
laminate vs fibre volume fraction given the low pressures used in this 
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work. Much investigation has been conducted on the effect of fibre 
volume fraction on mechanical and fracture properties of composite 
materials [100] . It is generally accepted that fibre volume fraction in the 
order of 50% - 62% yield acceptable fracture properties [100]. 
Laminates produced during initial trials of the Through thickness 
infusion technique appear to have acceptable physical properties in 
terms of void content, fibre volume fraction and appearance. 
3.2.4 Summary 
This section presented a new manufacturing method for phenolic 
composites that overcomes some of the problems associated with using 
traditional vacuum assisted resin infusion methods while maintaining 
consolidation pressure. The initial laminates that were produced 
showed that the Through thickness infusion technique produced 
acceptable quality laminates, with void contents comparable to others 
found in the literature. Variations in the void content, fibre volume 
fraction and laminate thickness were observed when the processing 
parameters such as cure temperature, amount of catalyst, and type of 
perforated release film were varied. These variations are investigated 
further in the next chapter. 
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C H A P T E R  F O U R  
4 Effect of processing parameter 
variations on mechanical 
properties. 
4.1 Introduction 
Chapters 1 and 2 discussed the benefits and drawbacks associated 
with phenolic composites used in mass transport vehicles. Cost of 
manufacture and quality of product became apparent concerns with all 
composite materials. The use of liquid moulding (resin infusion in 
particular) was highlighted as a potential area of cost saving compared 
with other processes. 
Chapter 3 discussed the difficulties associated with liquid moulding of 
phenolic composites. A manufacturing technique was presented to 
overcome some of these issues and successfully manufacture liquid 
moulded phenolic composite panels. This technique is used as part of 
this research and as a pathway to research into similar methods such 
as RST [98]. RST allows the manufacture of more complex components 
in a similar manner, further reducing manufacturing time and cost. 
This chapter presents an initial investigation using a Design Of 
Experiments (DOE) approach. This approach will help determine 
sensitivities in material properties when certain manufacturing variables 
are changed in the Through thickness infusion process. Cellbond 
J2027L phenolic resin was used and the following variables were 
investigated: 
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• Isothermal cure temperature 
• Method of cure (Quickstep or Oven cure) 
• Weight percentage catalyst 
• Percentage open area of perforated release film 
• reinforcement architecture 
The isothermal cure temperature for a given resin system and amount 
of catalyst used both dictate how long polymerisation of the resin will 
take. Cure speed has been shown to impact mechanical properties of a 
composite [101]. 
The methods of cure chosen for this study are the Quickstep process 
and an oven cure. The Quickstep was chosen for its rapid heating 
potential and is compared against a traditional atmospheric oven cure. 
The Quickstep in this case provides an additional 15kPa pressure to the 
tooling through the fluid filled silicone bladders. Figure 4-1 shows the 
effect of various heating rates on the viscosity of a phenolic resole resin 
with no catalyst. The difference in minimum viscosity achieved has 
been shown to influence composite properties [101]. 
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Figure 4-1: Viscosity profiles for various heating rates. 
The concentration of catalyst added to a resole phenolic resin such as 
Cellobond J2027L has a significant influence on the cure speed of the 
resin (Figure 4-2). As a result, this parameter may also influence fibre 
wetting, void removal and fibre volume fraction. 
 
Figure 4-2: Viscosity profile for various concentrations of catalyst 
The ability for excess resin and gases to exit from the laminate during 
consolidation and curing occurs via exit paths. These exit paths include 
the amount of perforations in the release film when using the Through 
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thickness infusion technique which also influences the properties of the 
laminate. 
The reinforcement material was varied between a woven and a non 
crimp fabric of similar aerial density manufactured from 12k carbon fibre 
tows. This parameter was chosen to determine how the fibre 
architecture influences the material attributes and properties. 
Void content, fibre volume fraction flexural properties and interlaminar 
fracture toughness were chosen to characterise the performance of the 
materials due to their influence on the damage tolerance and damage 
resistance of a composite material as described in chapter 2 [40, 68, 
75]. 
4.2 Method 
This study was conducted using a Design of Experiments (DOE) 
approach. The objective of the study was to determine the effect of the 
previously outlined Through thickness infusion processing parameters 
on the material properties in Table 4-1. Two separate studies were 
conducted i) curing the composite with different amounts of catalyst to 
vary the speed of cure and ii) curing the composite without the use of a 
catalyst but  varying the cure temperature. Both studies are considered 
different approaches to reduce the composite manufacturing time. A 
DOE was conducted for each approach. 
The material properties and corresponding test methods used are 
summarised in Table 4-1. For further details please refer to section 3.1. 
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Table 4-1: Material property and corresponding test method 
 
 
 
Table 4-2: Variation in cure temperature DOE 
 
Table 4-2 and Table 4-3 outline each factor and their corresponding 
variation levels used in the DOE.  
Table 4-3: Variation in concentration of catalyst DOE 
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4.2.1 Cure cycle development 
The cure cycles used during the manufacture of the test laminates were 
developed using the results from rheology testing of the resin. The tests 
were conducted according to the heating rates and cure temperatures 
to be used, as outlined in the DOEs. Further information on rheology 
testing details can be found in 3.1.5.3. 
Rheology testing was conducted on samples with varying 
concentrations of catalyst. Both 2°C per minute and 8°C per minute 
ramp rates were analysed to represent Quickstep and Oven cured 
heating rates as per Table 4-3. Testing was also conducted in the same 
manner but with varying cure temperatures for samples without catalyst 
as per Table 4-2. 
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Figure 4-4: Rheology results for catalysed resin using Quickstep heating rate.  
 
 
Figure 4-3:  Rheology results for catalysed resin using oven cure heating rate. 
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Figure 4-5: Rheology results for non-catalysed resin using oven cure heating rate 
Figure 4-6: Rheology results for non-catalysed resin using Quickstep heating rate  
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As can be seen from the results in Figure 4-3 to Figure 4-6 there are 
considerable variations in cure times with the different cure cycles.  The 
purpose of this study was to determine the processing parameter 
influences on mechanical properties. As a result the cure cycles used 
have not been optimised. The cure cycles are represented in Figure 4-3 
to Figure 4-6 as dashed lines. These cure cycles are the same as those 
used during composite panel manufacture.  
In all cases composite samples were cured for 3 hours before being 
allowed to cool back to room temperature overnight and removed from 
the oven or Quickstep chamber. All manufactured test samples were 
post-cured at 130°C for 10 hours. 
4.3 Results (variation in concentration of 
catalyst) 
Eight laminates were produced using the Through thickness infusion 
manufacturing technique, the variations in technique and materials 
outlined in the DOE of Table 4-3 were applied to the manufacture. A 
cure temperature of 55°C was utilised for all samples. Tests were 
conducted on each laminate for Void content, fibre volume fraction, 
flexural strength, flexural modulus as well as Mode I and Mode II 
interlaminar fracture toughness. Specific details on the testing can be 
found in Chapter 3. These properties were chosen as they give an 
indication of the damage resistance and damage tolerance performance 
of the material. 
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From the design of experiments conducted for each of the different 
tests on the laminates produced, a simple analysis was used to 
determine the main effects of each of the factors used to produce the 
laminate. As well as an in-depth “Analysis of Variance” (ANOVA) and 
tests for the presence of interactions between factors.  
 
Appendix 1 contains each of the main effects plots, ANOVA tables and 
interaction tables for the testing. 
4.3.1 Void content 
Resole phenolic resin, such as Cellobond J2027L used in this work, 
cured by a condensation reaction. As a result they release a relatively 
large amount of water during cure, some of which is entrapped within 
the matrix resulting in significant void contents [71, 89]. 
The void content was calculated at more than one magnification in 
order to accurately capture the total void content of the material. This 
method also proved useful in differentiating the size variation of voids 
within the material. A micrograph example of a laminate cured with 1% 
Phencat10 catalyst, Quickstep cure using the NCF fabric is shown in 
Figure 4-7. An example of a laminate cured with 4% catalyst, Quickstep 
cured with woven reinforcement is shown in Figure 4-8. These 
micrographs demonstrate the dramatic difference in void distribution 
and size of void observed within the trials. 
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Figure 4-7: 50× magnification microscopy of material cured with 1% catalyst 
 
Figure 4-8: 50× magnification microscopy of material cured with 4% catalyst  
 
300 μm 
300 μm 
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4.3.1.1 Large void content 
The large voids present in the laminate are those detected by the 
analysis software at a magnification of 50x. These voids are considered 
large and range in size from approximately 50µm to 500µm. The main 
effects plots for the large void analysis are represented in this case in 
Figure 4-9, the ANOVA table in Table 4-4 and the interactions for void 
content observed at 50x magnification in Table 4-5. These figures are 
repeated in Appendix 1 along with the balance of figures and tables 
from the DOE.  
 
Figure 4-9: Main effects plot for void content observed at 50x magnification. 
Table 4-4: ANOVA 50x magnification void content 
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Table 4-5: Void content interactions 50x magnification 
 
 The percentage catalyst factor has the largest influence on the large 
void content results of the factors tested.  With increased percentage 
catalyst and thus reduced curing time the amount of large voids 
appeared to increase. The ANOVA estimates that the percentage 
catalyst factor influences the void content of the laminate by 4.8% within 
the conditions tested with 80.9% confidence. This however is a 
relatively low level of confidence and suggests there may be significant 
error in the results. 
The cure process factor was not found to produce significant variance in 
the results and for this reason was pooled with the error factor. 
The carbon fibre reinforcement architecture used, either woven fabric or 
Non-crimp fabric is shown to have an influence of around 3% with 89% 
confidence on the large void content.  The woven material is shown to 
have less large void content. 
The perforation area density of the release film has an influence of 
4.2% with 92% confidence with the two different release films used. The 
release film with greater perforations showed a lower large void content.  
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An interaction between weight percent catalyst and reinforcement 
architecture of 43% was detected. 
4.3.1.2 Small void content 
The small voids present within the laminate are those detected by the 
analysis software at a magnification of 500x. These voids are 
considered small and range in size from approximately 1 µm to 50 µm.  
The main effect plots for the small void content are represented in 
Figure 9-2. The only factor that produced significant variation in the 
results for small void content was the % Catalyst. The remaining factors 
did not pass the test of significance for ANOVA and were pooled with 
the error term. The weight percent catalyst factor did not cause an 
obvious trend of increasing or decreasing void content. However, the 
percentage catalyst over the range of concentrations of catalyst tested 
influenced the small void content by 82% with 99% confidence. 
4.3.2 Fibre volume fraction 
The fibre volume fraction (FVF) of a composite laminate is the ratio of 
fibre to resin in terms of volume and is always expressed in terms of 
percentage fibre. The FVF was calculated for each laminate produced 
in the DOE according to 3.1.5.2. This method calculates the FVF using 
a mass and volume approach for a relatively large coupon. This method 
allows the influence of voids on the calculation to be accounted for. 
The main effects plots for fibre volume fraction of samples cured with a 
catalyst are represented in Figure 9-3 along with the ANOVA for these 
results in Table 9-5. The percentage catalyst has the largest influence 
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on the fibre volume fraction. The percentage catalyst influences the 
fibre volume fraction by 66% within the parameters tested with 99% 
confidence level. The remaining factors all have an influence on the 
FVF and are statistically significant. However, the influence is relatively 
small. 
4.3.3 Flexural modulus 
The flexural modulus of samples was determined using a three point 
bend test as outlined in 3.1.4.1. The main effects plots for flexural 
modulus (Figure 9-4) indicate that the percentage catalyst has the 
largest effect of all the processing factors with the ANOVA (Table 9-7) 
showing the variation in results of up to 88% with 99% confidence within 
the parameters tested. The remaining factors of cure process, 
reinforcement architecture and perforation area density all had an 
influence on results but only in a small way (less than 4% variation). 
4.3.4 Flexural strength 
The flexural strength of samples was determined using a three point 
bend test as outlined in 3.1.4.1.  The strength was recorded as the point 
on the load displacement plot where the modulus reduces significantly 
and abruptly.  
The main effects plots and ANOVA for flexural strength (Figure 9-5 and 
Table 9-9) respectively show that percentage catalyst, cure process and 
perforation area density all have a significant influence on the recorded 
results for flexural strength. The reinforcement factor showed no 
significant impact and as a result was pooled with the error term. Once 
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again the percentage catalyst factor had the greatest influence on 
results with a variation of 33% with 99% confidence. The cure process 
factor led to the variation of the result by 17% with 99% confidence and 
the perforation area density led to the variation of the result by 24% with 
99% confidence level. This analysis has also highlighted some 
significant interactions between factors. The percentage catalyst factor 
appears to interact significantly with cure process and perforation area 
density. 
4.3.5 Mode I interlaminar fracture toughness DCB 
Mode I interlaminar fracture toughness was determined using Double 
Cantilever Beam (DCB) testing as outlined in 3.1.4.2.  Interlaminar 
fracture toughness is the material’s resistance to crack growth initiated 
by a pre-existing flaw or crack that propagates through the brittle matrix 
material. The calculated value of G is a measure of the resistance to 
fracture of the material under a specific loading; in this case, out of 
plane tensile loading (Mode I), and is measured in J/m2. An example of 
an R (resistance) curve generated during this testing is presented in 
Figure 4-9  
Figure 4-10: R-curve example
  101 
  
The R curve propagation value is determined from the average Gic of 
the R curve after initiation. In this case the propagation values were 
calculated as the average GIc values from 10-45 mm crack length 
The percentage catalyst factor was again determined to be the 
dominant factor influencing the results. Mode I interlaminar fracture 
toughness of the laminates varied by approximately 59% at a 99% 
confidence level with concentration of catalyst. The cure process factor 
did not produce significant variation in results and was pooled with the 
error term. Reinforcement and perforation area density factors both had 
an influence on the Mode I fracture toughness, 21% and 6% 
respectively at 99% confidence. Table 9-12 indicates the interactions 
present between the factors. 
4.3.6 Mode II interlaminar fracture toughness 
Mode II interlaminar fracture toughness was determined using End 
Notched Flexure (ENF) testing as outlined in 3.1.4.3. Interlaminar 
fracture toughness is the material’s resistance to crack growth initiated 
by a pre-existing flaw or crack that propagates through the brittle matrix 
material. The calculated value of G is a measure of the resistance to 
fracture of the material under a specific loading; in this case, in-plane 
shear (Mode II) measured in J/m2. For the Mode II tests conducted on 
this material it was not possible to determine propagation resistance 
values as each ENF sample failed catastrophically after reaching the 
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shear initiation value. Therefore, only the shear failure values could be 
recorded.  
Figure 9-7 shows the main effects plots for Mode II interlaminar fracture 
toughness. The ANOVA of DOE results in Table 9-13 demonstrates the 
pooling of factors for cure process, reinforcement and perforation area 
density as the results were found to be statistically insignificant. The 
percentage catalyst factor demonstrates a 38.8% variation in Mode II 
interlaminar fracture toughness over the values tested with 99% 
confidence. 
4.4 Results (variation in cure temperature) 
Eight laminates were produced using the Through thickness infusion 
manufacturing technique. The variations in technique and materials are 
outlined in the DOE of Table 4-2. No catalyst was used in these tests. 
However, the cure temperature was varied in order to vary the cure 
speed of the resin. Tests were conducted on each laminate for Void 
content, Fibre Volume Fraction, Flexural Strength, Flexural Modulus as 
well as Mode I and Mode II interlaminar fracture toughness. Specific 
details on the testing can be found in Chapter 3. These properties were 
chosen as they give an indication of the damage resistance and 
damage tolerance performance of the material [46, 75] 
From the DOE conducted the required laminates were produced using 
the Through thickness infusion technique, a simple analysis was used 
to determine the main effects of each of the factors in the DOE as well 
as an in-depth Analysis of Variance (ANOVA) and tests for the 
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presence of interactions between factors. Appendix 2 DOE results 
(variation in cure temperature) contains each of the main effects plots, 
ANOVA tables and interaction tables for the testing. 
4.4.1 Void content 
As discussed in 4.3.1 voids are common in phenolic laminates where 
high void contents are not unusual due to the condensation cure 
reaction of a phenolic resin. 
As with the catalysed samples it was deemed necessary to calculate 
the void content at more than one magnification in order to accurately 
capture the total void content of the material. This method also proved 
useful in differentiating the size difference of voids within the material. 
4.4.1.1 Large void content 
The large voids present in the laminate are those detected by the 
analysis software at a magnification of 50x. These voids are considered 
large and range in size from 50 µm to 500 µm. 
The main effects plots for the large void analysis are represented in 
Figure 10-1. The cure temperature factor has the largest influence on 
the large void content results of the factors tested.  With increased cure 
temperature and thus reduced curing time the amount of large voids 
increased. The ANOVA results indicate a variation of 30% in large void 
content results with 99% confidence for the cure temperature factor.  
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The cure process and perforation area density factors were not found to 
produce significant variance in the results and for this reason were 
pooled with the error factor. 
The carbon fibre reinforcement architecture used, either woven fabric or 
Non-crimp fabric was shown to have an influence of around 21% with 
99% confidence on the large void content. The woven material has a 
lower large void content. 
An interaction between cure temperature and reinforcement 
architecture of 24% was detected. 
4.4.1.2 Small void content 
The small voids present within the laminate are those detected by the 
analysis software at a magnification of 500x. These voids are 
considered small and range in size from 1 µm to 20 µm. 
The main effect plots for the small void content are represented in 
Figure 10-2 along with ANOVA in Table 10-3 and the detected 
interactions in Table 10-4. The cure temperature factor did not produce 
an obvious trend of increasing or decreasing void content. However, the 
factor did produce a significant variation of 37% with 99% confidence. 
The cure process factor did not produce significant variation in results 
and was pooled with the error term. The reinforcement type factor 
produced a significant variation in the results of 11% with 98% 
confidence level. The woven architecture was shown to yield a lower 
small void content. The perforation area density factor produced a 
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variation of 5% in results with a 93% confidence level. The greater 
perforation area of 0.01% produced the lower void content. 
Interactions between cure temperature and reinforcement as well as 
cure temperature and perforation area density were present. 
4.4.2 Fibre volume fraction 
The FVF of the composite was calculated for each laminate produced in 
the DOE according to 3.1.5.2.  
The main effects plots for fibre volume fraction of samples cured with a 
catalyst are represented in Figure 10-3 along with the ANOVA and 
interactions for these results in Table 10-5.  The perforation area 
density factor had an influence of 12% with 99% confidence on the fibre 
volume fraction of the laminate, with the 0.01% perforation area density 
resulting in a higher volume fraction.  
The reinforcement type factor had the greatest influence on results 
showing 61% variation with 99% confidence between woven and NCF 
architectures. The woven producing a higher fibre volume fraction. 
The cure temperature had a 5% influence results with 99% confidence; 
a clear trend was not present. 
Interactions between cure temperature and reinforcement type as well 
as cure temperature and perforation area density were detected. 
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4.4.3 Flexural modulus 
The flexural modulus of samples was determined using a three point 
bend test as outlined in 3.1.4.1. The main effects plots for flexural 
modulus Figure 10-4 with the ANOVA and interaction results table in 
Table 10-7 indicate that the cure temperature has the largest effect of 
all the processing factors. The cure temperature provides a variation in 
results of up to 44% with 99% confidence within the parameters tested. 
The perforation area density factor also showed significant influence on 
the flexural modulus results with a 13% variation at 99% confidence. 
The remaining factors of cure process and reinforcement type both had 
no significant influence on the results and were pooled with the error 
term. 
4.4.4 Flexural strength 
The flexural strength of samples was determined using a three point 
bend test as outlined in 3.1.4.1.  The strength was recorded as the point 
on the load displacement plot at where the modulus reduces 
significantly and abruptly.  
The main effects plots and ANOVA for flexural strength Figure 10-5 and 
Table 10-9 respectively show that cure temperature, cure process and 
perforation area density all have an impact on the recorded results for 
flexural strength. The reinforcement factor showed no significant impact 
and as a result was pooled with the error term. The cure temperature 
factor had the greatest influence on results with a variation of 56% with 
99% confidence. The cure process factor varied the result by 18% with 
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99% confidence and the perforation area density varied the result by 
3.6% with a 98% confidence level. This analysis has also highlighted an 
interaction between cure temperature and perforation area density. 
4.4.5 Mode I interlaminar fracture toughness DCB 
The cure temperature factor was again determined to be the dominant 
factor influencing the results. Mode I interlaminar fracture toughness of 
the laminates varied by approximately 48% at a 99% confidence level. 
The cure process factor produced a variation of 15% in Mode I fracture 
results with a confidence level of 99%. The reinforcement factor 
produced a variation in Mode I interlaminar fracture toughness of 26% 
with 99% confidence level. The perforation area density did not produce 
any variation of significance and was pooled with the error term. An 
interaction was detected between cure process and reinforcement 
factors. 
4.4.6 Mode II interlaminar fracture toughness ENF   
Mode II interlaminar fracture toughness was determined using End 
Notched Flexure (ENF) testing as outlined in 3.1.4.3. For the Mode II 
tests conducted on this material it was once again not possible to 
determine propagation resistance values as each ENF sample failed 
catastrophically after reaching the shear initiation value. Therefore only 
the shear failure values could be recorded.  
Figure 10-7 and Table 10-13 show the main effects plots and ANOVA 
for Mode II interlaminar fracture toughness respectively. The cure 
temperature factor produced a variation of 46% with 99% confidence on 
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Mode II interlaminar fracture toughness values. The cure process and 
reinforcement factors both produced a variation of 11% with 99% 
confidence in the Mode II interlaminar fracture toughness results. The 
perforation area density factor did not produce significant variation and 
was pooled with the error term. 
4.5 Summary of results 
Mechanical properties that have been shown to be linked with the 
damage resistance and damage tolerance of a composite laminate 
have been assessed and the results evaluated with regard to varying 
processing and manufacturing conditions. The properties tested within 
the two DOEs can be split into two sections; the material characteristics 
and the material mechanical properties. The characteristics are the 
properties such as void content and fibre volume fraction while the 
mechanical properties are flexural modulus, flexural strength and 
interlaminar fracture toughness in this instance. The results from each 
test were compared against each other and trends observed from 
comparing the main effects plots of each test: 
4.5.1 Catalyst cure DOE 
The speed of cure variation was controlled using Phencat 10 sulfonic 
acid catalyst with the cure temperature being held constant at 55°C. 
The following observations and correlations were made: 
• Small void content is influenced by cure speed (concentration of 
catalyst in this case) 
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• Large void content is influenced by cure speed (concentration of 
catalyst). The breathability of the reinforcement and the 
manufacturing process also affect the large void content, large 
voids escape more easily from the woven fabric than the non-
crimp fabric. Furthermore an increase in perforation area density 
in the release film also reduces the amount of large voids. 
• Fibre volume fraction is largely influenced by cure speed 
(concentration of catalyst). 
• The flexural properties of the composite follow the same trend as 
the large void content with increasing void content leading to 
reduced flexural performance. This trend follows those found by 
[45, 71, 75, 88] 
• The Mode II interlaminar fracture toughness properties follows a 
similar trends to the small void content which indicate that the 
fracture toughness varies according to small void content values. 
This follows what is presented in the literature by [40]. 
• The Mode I interlaminar fracture toughness also follows the trend 
reported with small void content however not as closely as the 
Mode II results. 
4.5.2 High temperature cure DOE 
The speed of cure variation was controlled using varying isothermal 
cure temperatures (100°C, 110°C, 120°C and 130°C). The following 
observations and correlations were made: 
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• Large void content is influenced by cure speed (isothermal cure 
temperature in this case), increasing with higher temperature.  
• The use of woven reinforcement also reduced small void content 
which is thought to be due to its better breathability 
characteristics. 
• Small void content is largely influenced by cure speed 
(isothermal cure temperature in this case) although a clear trend 
is not present. Reinforcement architecture and perforation area 
density of the release film also had an impact on the small void 
content. Once again woven fabric and 0.01% open area had 
lower void content values due to the increased breath-ability of 
the laminate. 
• Fibre volume fraction is influenced largely by reinforcement type 
and perforation area density; both factors control the breath-
ability and bleedability of the laminate. 
• All mechanical properties decrease with increasing cure 
temperature with the exception of results recorded at 100°C. 
• Mode I and Mode II interlaminar fracture toughness increased 
with woven reinforcement architecture. This result correlates well 
with the lower fibre volume fraction achieved with woven 
reinforcement. 
• Increased release film perforation density always leads to 
reduced void content and decreased fibre volume fraction. 
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• Cure process affects flexural strength, Mode I and Mode II 
interlaminar fracture toughness yet has little influence on void 
content or fibre volume fraction. It suggests the cause of 
variation as another material attribute that has not been 
investigated in this testing regime. 
4.6 Conclusion 
The findings in the catalyst cure DOE provide us with a good indication 
of which parameters had the most influence on the properties of the 
resulting laminate. In general, the variation in catalyst percentage had 
the greatest influence on the properties tested. Furthermore it was 
determined that not only did the void content of the laminates vary 
significantly with changes in catalyst percentage and manufacturing 
process but also the size of the voids varied. When separating the void 
content into two categories, large and small voids, it was found that the 
small void content trend closely matched that of both the Mode I and 
Mode II interlaminar fracture toughness while the large void content 
trend closely matched the results for flexural strength and flexural 
modulus.  
The findings in the high temperature cured DOE section provide us with 
a good indication of which varied parameters had the most influence on 
the properties of the produced laminate. In general, the variation in cure 
temperature had the greatest influence. The influence of factors on the 
size of voids did not prove to be as pronounced as it was when the 
laminates were cured with varying percentages catalyst. This is 
  112 
probably because the variation in cure speed is not as pronounced as 
the temperature variations chosen as it is with the catalyst percentages 
tested. This behaviour can be observed in Figure 4-3 to Figure 4-6. This 
initial investigation using a DOE approach has given a good indication 
of which processing parameters have the most significant influence on 
the performance of the resulting material. Chapters 5 and 6 further 
investigate the variations in material properties when the amount of 
catalyst or the isothermal cure temperature is varied with respect to the 
interlaminar fracture properties of the material. These subsequent 
investigations use a full factorial approach rather than a DOE approach 
which will provide better certainty in findings. 
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C H A P T E R  F I V E  
5 Fracture performance changes 
as a result of acid catalyst 
concentration. 
5.1 Introduction 
The need to decrease the manufacturing time associated with 
composites has forged the desire to increase matrix cure speed. One 
way to achieve this with phenolic resins is to increase the concentration 
of catalyst. This chapter examines how an increased acid catalyst 
concentration influences fracture properties, porosity and the network 
structure of this phenolic composite.  
Chapter 4 presented material properties and characteristics for 
manufacturing variations trialled with Cellobond J2027L phenolic resin 
carbon fibre composite laminates made with the Through thickness 
infusion manufacturing technique described in section 3.2. As a result of 
this investigation it was found that changes to the concentration of 
catalyst had a significant impact on time to gelation, porosity, flexural 
and interlaminar fracture toughness properties. 
In this chapter it is shown that: 
• The Mode I fracture properties of this phenolic composite are 
predominately influenced by void geometry and distribution. 
• An increase in the size of “micro-voids” results in higher Mode I 
fracture toughness. 
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• The fibre matrix adhesion is not adversely affected by the 
addition of catalyst between 1% and 3%. 
• The molecular structure remains unaffected by the addition of 
catalyst. 
• The Mode II interlaminar fracture toughness is affected by the 
fibre volume fraction and significant scatter in results is observed 
for samples containing large voids. 
These conclusions provide an improved understanding of how 
increasing the cure speed of a phenolic composite via an acid catalyst 
influences it’s fracture behaviour and leads to improved composite 
structures manufactured at high production speeds.  
5.2 Processing of laminates 
It was shown that the catalyst had a dominant influence on mechanical 
properties through results presented in the main effects plots of 
samples manufactured with the inclusion of sulphonic acid catalyst 
(phencat10) during Chapter 4. 
The main effects plots for the amount of “small” voids, flexural modulus 
and interlaminar fracture toughness show a large variation for results 
between 1% and 2% catalyst. This trend is not always continued for 
results from between 2% and 4% concentration of catalyst. It would 
appear that 1% catalyst does not have a significant effect on the curing 
speed of the resin, as can be seen in Figure 4-3. Subsequently, it was 
decided to conduct further testing using the same loadings described in 
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Chapter 4, where 1%, 2%, 3% and 4% phencat10 catalyst were tested 
to further investigate the property variations.  
Laminates were produced with varying concentrations of catalyst as per 
the Through thickness infusion manufacturing process described in 
section 3.2. The resin was mixed by hand with the required amount of 
catalyst, followed by pouring onto the mould surface; this was allowed 
to self level and flow to all corners of the mould. Ten layers of Non-
Crimp fabric (section 3.1.1) were placed on top of the resin followed by 
the consumables and vacuum bag material, as per the lay-up sequence 
in Figure 3-14. The complete assembly was then placed in a room 
temperature oven and heated to 55°C at 2°C per minute and held for 2 
hours. All laminates were post cured together for 10 hours at 200C to 
normalise any degree of cure / matrix modulus differences associated 
with the moulding process [89]. Samples were then water-jet cut from 
the laminate for testing.  
After post curing of the laminates was complete, samples from each 
laminate were tested using Dynamic Mechanical Thermal Analysis 
(DMTA) to determine their thermo-mechanical behaviour. This testing 
was conducted to ensure the glass transition temperature for each 
sample was consistent. Single cantilever bending was the deformation 
mode chosen for the tests. Figure 5-1 presents the storage modulus 
trends for each sample. The storage modulus indicates the stiffness of 
the material with respect to temperature. Each sample displays a similar 
degradation trend with respect to temperature. A small drop in storage 
modulus was noted at ∼275 °C for all samples. This result indicates that 
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the matrix for each sample has attained the same glass transition 
temperature. This was of significance in processing as it demonstrates 
that the post-cure procedure has normalised the glass transition 
temperature variation that would have been present due to the 
variations in cure kinetics from the different concentration of catalyst 
utilised.  The overall variation in stiffness, shown in Figure 5-1, is not a 
good reflection of the stiffness variation in the materials tested because 
it can be influenced by the clamping system effectiveness for the single 
cantilever system. The clamping effectiveness can be affected by the 
bolt-up torque of the sample to the rig and the coefficient of friction 
between the sample surface and the rig. These aspects of the test are 
difficult to control accurately in single cantilever mode and on such 
small samples and resulting low bolt torques. 
 
Figure 5-1: DMTA storage modulus for samples cured with varying amounts of 
catalyst 
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Differential Scanning Calorimetry (DSC) was also conducted on resin 
specimens subjected to the same cure process as the laminates. The 
heat flow verses temperature for each sample and corresponding 
concentration of catalyst is presented in Figure 5-2. 
 
Figure 5-2: Differential Scanning Calorimetry (DSC) of samples cured with 
different amounts of catalyst and post cured. 
 
The DSC heat flow trends of Figure 5-2 indicate that samples cured 
with 2%, 3% and 4% catalyst show a similar degree of cure. The 
sample cured with 1% catalyst showed only a minor variation from the 
rest in terms of its heat flow to temperature relationship during the 
heating stage (lower part of the trend). This indicates that it has a 
slightly lower degree of cure, but not of great significance. The upper 
portion of the trend corresponds to the cooling stage of the test and all 
samples show similar behaviour. These results show a good general 
correlation to the glass transition temperatures demonstrated in the 
DMTA results.  
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The DMTA and DSC results give the author confidence in suggesting 
that any variation in mechanical properties associated with changes in 
concentration of catalyst cannot be attributed to differences in the 
degree of cure between samples. This has been managed through the 
use of an effective post-cure regime. 
 
5.3 The relationship between porosity and 
fracture behaviour 
 
Increases in fracture toughness of composite materials and their 
matrices due to voids have been studied extensively [16, 17, 40, 59, 79-
82, 88]. This previous work has examined the presence of voids in 
polymers and composites and reported that variations in porosity result 
in corresponding changes to fracture toughness (2.4.4.2). It was 
suggested by Bagheri et al [41] and Huang et al [102] that materials 
containing rubber toughening particles have very similar fracture 
toughness to the same material with voids of a comparable size and 
dispersion. This work demonstrated that both forms of toughening 
display similar fracture mechanisms and behaviour. It was reported that 
toughening through the addition of voids has advantages over rubber 
modified matrices such as comparable or improved toughness 
properties, reduced material density, no sensitivity to u.v. light radiation 
and better low temperature performance [41]. The current work relates 
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the Mode I and Mode II fracture toughness of the phenolic composite to 
void content and void size. 
5.3.1 Mode I interlaminar fracture toughness  
The Mode I interlaminar fracture toughness was investigated as it has 
been shown to correlate with the matrix dominated failure modes, such 
as compression in the presence of a defect [58, 103].  
Mode I fracture toughness was determined through a Double Cantilever 
Beam (DCB) test, as described in 3.1.4.2. The GIc values were 
calculated using Corrected Beam Theory (CBT). 
Figure 5-3: Mode I DCB Delamination resistance curves for composites with various 
concentrations of catalyst. 
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The delamination resistance curves (R-Curves) for each of the 
specimens tested at each concentration of catalyst were averaged and 
then plotted against each other in Figure 5-3. The crack length zero 
point for the purpose of results is considered to be the point on the 
sample where the crack initiator ends (approximately 50mm from the 
loading point). The propagation resistance for each curve was 
determined by averaging the GIc values between the 15mm and 40mm 
crack lengths. The average GIc values for each curve are given in 
Figure 5-4 and plotted against the catalyst loading. 
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Fibre bridging was observed on most specimens. It was also noted that 
in many cases during the test the fracture plane would jump between 
adjacent layers of reinforcement. This is thought to be due to the 
presence of a large void area in the adjacent interlaminar region. This 
concentrates the stress at the void region more than at the crack tip. 
This concentration then redirects the fracture to the interlaminar region 
where the void was present (Figure 5-5). 
Figure 5-4: Average GIc propagation values versus concentration of catalyst.
GIc values averaged between 15 and 40mm crack length 
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Figure 5-5: Mode I interlaminar fracture behaviour in the presence of large 
voids. 
 
Scanning electron microscopy on the fracture surface of DCB 
specimens was conducted and adhesive failure was observed in all 
specimens. 
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Figure 5-6: Mode I SEM fracture surface image of sample cured with 1% catalyst. 
(region represents 65 J/m2 SERR and propagated from left to right) 
 
Figure 5-7: Mode I SEM fracture surface image of sample cured with 2% catalyst 
(region represents 190J/m2 SERR and propagated from left to right) 
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Figure 5-8: Mode I SEM fracture surface image of sample cured with 3% catalyst 
(region represents 80J/m2 SERR and propagated from left to right)  
 
 
Figure 5-9: Mode I SEM fracture surface image of sample cured with 4% catalyst 
(region represents 140J/m2 SERR and propagated from left to right) 
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Table 5-1 provides a summary of findings observed from the SEM 
fracture surface analysis for Mode I DCB samples. Examples of the 
fracture surfaces observed can be seen in Figure 5-6, to Figure 5-9. 
Adhesive failure was observed in all samples. The void size found 
within the matrix on the fracture surface varied considerably between 
samples cured with different concentrations of catalyst, but not in a 
linear manner. 
Figure 5-6 shows that samples cured with 1% catalyst had regions of 
adhesive failure separated by large void areas (voids 100μm or greater) 
showing fibres still coated with the matrix and not connected by matrix 
to the adjacent layer of reinforcement. It should be noted in this case 
that the areas of delamination show no further small voids. 
An abundance of porosity was present on the fracture of samples cured 
with 2% catalyst. Figure 5-7 is a typical representation of the residual 
fracture surface from these samples. From this point foreword, voids 
smaller than 50μm will be termed “micro-voids”. 
Table 5-1: Mode I SEM fracture surface summary table for varying catalyst % 
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The Mode I failure surface for samples with 3% catalyst (Figure 5-8) 
showed matrix micro-voids on the fracture surface that were much 
smaller than for 2% catalyst.  
Samples cured with 4% catalyst showed similar fracture surfaces to that 
of 3% in terms of void size and distribution (Figure 5-9). The main 
difference observed between the samples cured with 3% and 4% 
catalyst was the layer within the laminate at which the fracture had 
taken place. As shown in Figure 5-9 the fracture has taken place 
between layers of fibres oriented in the 0° and 90° directions as 
opposed to the 45° directions observed in all samples cured with 3% 
catalyst. This change in fracture plane may be a result of the 
phenomenon demonstrated in Figure 5-5 where the fracture 
propagation is interrupted by the presence of a large void and as a 
result finds the path of least resistance to be delamination of an 
adjacent layer. This behaviour occurred in 3 out of 5 of the specimens 
tested for 4% catalyst. This is believed to be the primary reason that the 
average result for GIc Mode I fracture toughness is slightly higher than 
that of samples cured with 3% catalyst. 
The imaging of the Mode I fracture surface through SEM revealed one 
major variation in the samples analysed. This difference is in the size 
and shape of voids present on the fracture surface. It should be noted 
that the lowest GIc values were recorded for samples with no micro-
voids present in the matrix on the fracture surface. However, these 
regions where small voids are absent are separated by many large 
voids, 100μm or greater in size. The highest values of GIc were 
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recorded for the sample cured with 2% catalyst, this sample displayed 
the largest volume of the micro-voids seen for all samples. These 
micro-voids ranged in size from 10μm to 50μm yet remained spherical. 
The samples cured with 3% and 4% catalyst also contained large 
numbers of micro-voids within the matrix but of a smaller size than that 
of the samples cured with 2% catalyst. It was found that the micro-voids 
less than 50μm in size remained spherical. The voids greater than 
50μm became more elliptical as their size increased. This is believed to 
be due to the fibre constraints within the laminate. A void can only 
remain spherical while it is smaller than the resin rich interface between 
reinforcement layers. Figure 5-10 shows the trend observed relating 
void size to Mode I fracture toughness (GIc).  
Figure 5-10: Void size present on fracture surface Vs average GIc recorded for
samples. 
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From the results presented, the GIc for this composite system increases 
as the size of the micro-voids also increases. This agrees with the 
results presented by Ricotta et al [82] who established this through 
simplified 2D finite element analyses for void sizes ranging from 100μm 
to 400μm. However, in this case as the size of the voids increased 
beyond 50μm, as is the case with the 1% catalyst specimens, the GIc 
performance dropped off dramatically and does not follow the trend 
observed by Ricotta et al [82]. Bagheri et al [41] reported that micro-
voids (0.4µm) in an epoxy resin resulted in higher fracture toughness 
than larger micro-voids (1.0µm). This is contrary to what was found 
for micro-voids with the current phenolic composite system. It would 
seem plausible that the size range of the voids that influence the 
interlaminar fracture behaviour may invoke different fracture failure 
modes depending on their size and system in use. Ricotta et al [82] also 
proposed that for a given void size, the more elliptical the void was 
(stretched along direction of crack propagation) the higher the resulting 
GIc. This hypothesis fits with the observation made from fracture surface 
SEM images of those samples containing micro-voids; as the size 
increases the void elliptically deforms due to the reinforcement 
constraints. 
5.3.2 Mode II interlaminar fracture toughness 
Out of plane impact produces a bending load on a composite laminate, 
which results in internal shear loadings within the laminate. The 
resistance to this shear fracture from impact on a laminate is analogous 
to the failure mode found through Mode II interlaminar fracture 
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toughness tests. These tests were found to correlate experimentally 
with the amount of damage inflicted on a panel during an impact event 
for other composite materials [60]. 
Mode II interlaminar fracture toughness was determined through an End 
Notch Flexure test (ENF), as described in 3.1.4.3.  It was not possible to 
record delamination propagation values during these tests due to 
sudden interlaminar fracture of the samples. This behaviour has been 
reported for many thermoset matrix composites and is due to their 
brittle nature [66]. Delamination onset energy was calculated according 
to the method described in 3.1.4.3. Values from all specimens tested at 
each concentration of catalyst were averaged and are presented in 
Figure 5-11 along with standard deviation error bars. 
There was a very large error (±53%) associated with the Mode II 
interlaminar fracture toughness for samples cured with 1% catalyst. 
Figure 5-11: Average GIIc delamination initiation values for various catalyst loadings
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Samples cured with 2%, 3% and 4% catalyst recorded very similar 
results but with a much lower standard deviation. Hackles (often 
reported as cusps, lacerations, scallops, platelets, shingles, serrations 
and shear bands [69]) were only found on the fracture surface of Mode 
II samples in between where adjacent fibres had adhesively failed 
during fracture (Figure 5-12). This is contrary to what is typically found 
in other thermoset matrix composites that possess higher fibre-matrix 
adhesion when tested in a Mode II configuration.  
Scanning electron microscopy on the fracture surface of ENF 
specimens was conducted; adhesive failure was observed in all 
specimens. 
Figure 5-12: Mode II SEM fracture surface showing clean adhesive failure of 
fibres from the matrix (the lines running laterally show where fibres were peeled
away from the matrix) separated by voids and small areas of cohesive failure
(hackles) where fibres were not present (45° serrations next to the void at
bottom of image). 
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Figure 5-13: Mode II SEM fracture surface image of sample cured with 1% 
catalyst (region represents 87 J/m2 SERR and propagated from left to right 
 
Figure 5-14: Mode II SEM fracture surface image of sample cured with 2% 
catalyst (region represents 93 J/m2 SERR and propagated from left to right 
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Figure 5-15: Mode II SEM fracture surface image of sample cured with 3% 
catalyst (region represents 102 J/m2 SERR and propagated from left to right 
 
Figure 5-16: Mode II SEM fracture surface image of sample cured with 4% 
catalyst (region represents 91 J/m2 SERR and propagated from left to right 
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Table 5-2 provides a summary of findings observed from the SEM 
fracture surface analysis Mode II ENF samples. Examples of the 
fracture surfaces observed can be seen in Figure 5-13 to Figure 5-16. 
Adhesive failure was observed in all samples analysed. The void size 
found within the matrix on the fracture surface varied between samples 
cured with different concentrations of catalyst but not in a linear 
manner.  
Table 5-2: Mode II SEM fracture surface summary table for varying catalyst % 
 
 
The variations in void and micro-void sizes observed on the fracture 
surface correlate well with those found during the Mode I SEM 
investigation. In the case of GIIc, the samples cured with 1% catalyst 
once again performed poorly compared to the other samples. Their 
large error and low average GIIc is believed to be due to the presence of 
large voids in the laminate and a high Fibre Volume Fraction (FVF). The 
areas of adhesive failure on the fracture surface are separated by areas 
of large elongated elliptical voids as shown in Figure 5-13. The shape of 
these voids is believed to be due to the fibre constraints within the 
laminate. A void can only remain spherical within the matrix while there 
is enough free resin volume to contain it between fibres. The distribution 
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of these large voids leads to the large error observed in the Mode II 
results for 1% catalyst. 
The Mode II fracture surface for samples cured with 2%, 3% and 4% 
catalyst display similar fracture surfaces with an abundance of spherical 
micro voids present in the matrix and clean adhesive failure of the fibre. 
The only difference observed is the small change in spherical micro 
void size. 
The observations of poor fibre matrix adhesion with no resin remaining 
on the fibres of the fracture surface agrees well with the results reported 
by Charalambides et al [63] for a glass fibre reinforced phenolic 
composite. 
Figure 5-17: Void size present on fracture surface versus average GIIc initiation
value recorded for samples. Note significant error in sample with a large void
size. This is due to the variation in performance of the small coupons
depending on how the large voids were distributed within them. 
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Figure 5-17 shows the trend observed relating void size to Mode II 
fracture toughness (GIIc). The results for GIIc delamination initiation 
energy are statistically very similar for samples cured with 2%, 3% and 
4% catalyst showing no significant increase or decrease in 
performance. It is worth noting, though, that the sample that recorded 
the highest average GIIc delamination initiation energy was the 3% 
catalyst sample (102 J/m2). This sample also recorded the smallest 
micro-void size range results from SEM fracture surface analysis (1μm 
to 12μm). Samples cured with 1% catalyst in comparison showed a 
decrease in delamination onset energy performance, most likely due to 
the presence of many large voids. This also resulted in the large 
statistical error in the result (Figure 5-17). 
5.3.3 Fibre matrix adhesion 
The interlaminar shear strength of a composite is predominately driven 
by the fibre matrix adhesion. This property is commonly evaluated 
through the use of a Short Beam Shear (SBS) test. SBS testing was 
conducted according to 3.1.4.4. 
ILSS was determined from samples cured with 1%, 2%, 3% and 4% 
catalyst. The average results from these tests are plotted including their 
respective errors in Figure 5-18. 
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The results indicate an increase in ILSS with increased concentration of 
catalyst between 1% and 3%. The result for 4% catalyst shows a 
reduction in ILSS over the result for 3%. 
This increase in ILSS between 1% and 3% is most likely a result of a 
decrease in the large void content and a corresponding increase in 
small void content [47, 73]. It is thought that the reduction in ILSS for 
samples cured with 4% catalyst could represent the point at which the 
amount of catalyst is beginning to influence the fibre matrix adhesion. 
This phenomenon was reported by Tavakoli et al [72]. However it 
occurred at a higher catalyst level when curing a glass fibre reinforced 
composite at room temperature.  
The variation in results for ILSS between 2% and 4% catalyst is not 
significant and is most likely due to relatively consistent void size results 
as indicated by the SEM fractography conducted for Mode II sample 
Figure 5-18: Interlaminar Shear Strength (ILSS) of composite with various catalyst 
loadings. 
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analysis. These results showed that voids produced for samples cured 
at 1% were 100μm or greater whereas samples cured at 2% catalyst, or 
higher, all had voids that were less than 25μm in size (micro-voids). 
This overall observation is consistent with previous literature relating 
void size to ILSS [47]. 
The dominant failure mode of the SBS samples is most likely 
delamination of the fibres from the matrix as it was in the Mode I and 
Mode II testing, This failure was also observed by St John et al [71] in 
SBS testing on a phenolic / fibreglass composite with various fibre 
sizings. They reported this failure is due to the brittle nature of the resin 
and high void contents. 
The fibre matrix adhesion of this carbon fibre / phenolic resin composite 
appears to increase when varied from 1% to 3% catalyst and then 
decreases from 3 % to 4% catalyst. Although this effect is small it could 
be the result of the catalyst reducing the wettability of the reinforcing 
fibres for samples cured with 4% catalyst. These finding are, however, 
less significant than the variation noticed between samples cured with 
1% catalyst and samples cured with higher percentages containing 
micro-voids where the largest change in fibre matrix is noted. 
5.3.4 Fibre volume fraction  
Fibre Volume Fraction has been shown to contribute to the interlaminar 
fracture performance of a composite. Davies et al [69] suggested that 
GIIc increases with decreasing fibre content. The FVF of all samples 
was calculated according to 3.1.5.2. 
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The average result of all specimens tested at each concentration of 
catalyst for FVF are plotted in Figure 5-19. 
 
Figure 5-19: Comparison between fibre volume fraction and weight percent 
catalyst. 1% = 57.6%, 2% = 57.0%, 3% = 56.1%, 4% = 57.1% 
The results for FVF show that specimens cured with 1% catalyst 
contain the highest FVF (57.6%) although it is noted that this peak 
value is almost within the error calculated in the data. This is thought to 
be due to increased resin bleed as a result of the long cure time 
associated with 1% catalyst. The FVF for samples cured with 2%, 3% 
and 4% catalyst range between 56.1% and 57% FVF. Overall the FVF 
for all samples are similar. 
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5.3.5 Porosity analysis 
The importance of porosity and its effect on fracture behaviour has 
been extensively highlighted in the literature (see 2.4.4.2). The overall 
porosity of laminates was determined through optical microscopy, as 
previously described in 3.1.5.1. Microscopy of specimens was 
conducted at two magnifications 50× and 500×. For this analysis, a 
region within the cross section free from large voids and with the area of 
fibres perpendicular to the image plane was chosen. This selection 
allowed detection of the amount of micro-voids entrapped within the 
individual fibre bundles. These micro-voids range in size from 1μm to 
50μm. 
The 50× magnification micrographs (Figure 5-20) indicate a trend 
towards decreased large void content with increased concentration of 
catalyst. The 500× magnification micrographs (Figure 5-21) show a 
contrary trend with increased concentration of catalyst resulting in a 
greater small void content. These trends are summarised in Figure 
5-22. The total void content is calculated by the addition of both large 
and small void contents. This was made possible as the limited 
resolution at 50× magnification fails to detect voids in the 1μm to 50μm 
range 
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Figure 5-20: Optical micrographs at 50x magnification of sample with 1% 
catalyst (TL), 2% catalyst (TR), 3% catalyst (BL), 4% catalyst (BR) 
 
Figure 5-21: Optical micrographs at 500x magnification of sample with 1% 
catalyst (TL), 2% catalyst (TR), 3% catalyst (BL), 4% catalyst (BR). 
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Figure 5-22: Void content for samples with varying percentage catalyst  
The results presented in Figure 5-22 suggest that the total void content 
for all samples produced ranges from 16% to 20%. 
The variation in void size as a result of concentration of catalyst agree 
with previous work conducted by Wolfrum and Ehrenstein [89] who 
found that the concentration of catalyst of a phenolic resin has a 
significant impact on the void content and the void size of a phenolic 
neat resin sample. They also found that increasing the catalyst % 
resulted in smaller micro-voids. 
In general, it has been found that as the catalyst concentration 
increases so does the cure speed. This increase in cure speed appears 
to restrict the time small water molecules (produced as a by-product of 
the condensation cure reaction) have to cluster and form larger volumes 
of water. This lack of cluster time results in smaller voids within the 
matrix.  
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5.3.6 Chemical structure of the matrix  
The role of a catalyst is to increase the rate of chemical reaction by 
reducing the activation energy. However, it is not consumed during the 
reaction so that the structure of the cured material remains unchanged. 
With the variations in material properties observed and corresponding 
changes to the concentration of catalyst, it was important to ensure the 
catalyst did not significantly alter the chemical structure of the cured 
matrix. Solid state 13C Nuclear Magnetic Resonance (NMR) 
spectroscopy was used to determine the chemical structure of the cured 
matrix. Figure 5-24 shows the 13C NMR spectra observed for samples 
containing 0% catalyst and 4% catalyst, respectively. The spectra 
indicate the presence of aromatic carbons associated with the 
structures of the samples; this is concluded due to the signals observed 
at approximately 150 and 130 ppm. Aliphatic carbons are also present 
in the structure of the samples and are assigned to the signals 
resonating at δ 35 ppm. From the spectra collected it can be said that 
the two samples analysed are very similar in their molecular structure 
according to 13C NMR, as the main peaks are consistent although the 
sample cured with 0% catalyst demonstrates more noise in the spectra. 
The proposed molecular structure is shown in Figure 5-23. This 
molecular structure is commonly associated with a phenolic resole resin 
[48]. 
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Figure 5-23: Phenolic resole pre-polymer (left) and cured phenolic structure 
(right)  
 
 
Figure 5-24: Nuclear Magnetic Resonance spectra for 0% catalyst (top) and 4% 
catalyst (bottom) cured matrix. NB: Top spectrum appears to be noisier in the 
baseline due to less run time compared to the bottom spectrum. 
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Fourier Transform Infrared (FTIR) spectroscopy was also conducted on 
resin samples containing 0% and 4% catalyst, to further support the 
results observed by means of 13C NMR spectroscopy. The FTIR testing 
was conducted using KBr (potassium bromide) discs. 
 
 
Figure 5-25: FTIR spectrum of sample with 0% catalyst 
Figure 5-26: FTIR spectrum of sample with 4% catalyst 
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The FTIR spectrum for both samples support the information gathered 
from the 13C NMR analysis where there is minimal difference between 
the two samples and their molecular structures. The three relatively 
large signals on the right of the spectra shown in Figure 5-25 and 
Figure 5-26 are indicative of carbon to hydrogen bonding where the 
different positions of the signals determine the type of bonding; 
aromatic or aliphatic. The broad signal on the left of the spectra 
represents the hydroxy (OH) groups on the molecular structure as 
depicted in Figure 5-23. The peak at 1775 in Figure 5-25 for the sample 
cured with no catalyst is not present in Figure 5-26 where 4% catalyst 
was used. This peak represents an amount of unreacted formaldehyde. 
This is not unexpected as the system was cured with the addition of 
heat only. This variation does not represent a change in molecular 
structure. 
Table 5-3: Tentative assignment of peaks in the FTIR spectrum of cured 
phenolic structure with 0% and 4% catalyst concentration. (m = medium 
intensity, w = weak intensity, b = broad intensity) 
Peak No 
Wavelength 
(cm-1) 0% 
catalyst 
Wavelength 
(cm-1) 4% 
catalyst Assignment 
    
1 1202 m 1203 m -CH3 (bend) 
2 1476 m 1475 m -CH2 – (bend) 
3 1646 m 1644 m C=C (aromatic) 
4 1775 w - vC=O 
5 2361 m 2360 m CO2 (impurity) 
6 2841 w 2841 w  C-H alkanes (stretch) 
7 2907 w 2904 w C-H alkenes (stretch) 
8 3006 w 3006 w C-H aromatics (stretch) 
9 3480 b 3460 b O-H H-bonded 
        
 
  146 
An FTIR peak assignment table is presented in Table 5-3. The 
wavelength of each peak designates a functional group and 
corresponding vibrational mode. Both the 0% catalyst sample and the 
4% catalyst sample demonstrate the same characteristic peaks at 
wavelengths that are considered equivalent. This further suggests both 
samples have consistent molecular structures. 
5.4 Discussion 
The need to decrease the manufacturing time associated with 
composites has forged the desire to increase cure speed. This chapter 
has examined how an increased acid catalyst concentration influenced 
the fracture properties of this phenolic composite.  
It has been previously established [59, 70] that variations in fracture 
performance of a composite can be attributed to the characteristics of a 
composite. These include: 
• Void properties, (size and content) which can lead to fibre 
bridging and variations in stresses at the crack tip.  
• Fibre - matrix adhesion, which if significantly low can result in 
fibres peeling away from the matrix (adhesive failure) rather than 
resin fracture.  
• Fibre volume fraction, which if significantly low can result in poor 
fibre matrix adhesion, higher void content and also variations in 
how the crack propagates through the material.  
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The toughness of the matrix material also influences the fracture 
behaviour of the composite; this can be a result of changes in the 
degree of cure between samples, or variations in the matrix 
molecular structure. 
The concentration of catalyst was found to be the driving factor in the 
resulting micro-void size present within the matrix material. This was 
also observed by Wolfrum and Ehrenstein [89] in cured neat resin 
samples of a different phenolic resole. 
Correlation was found between previous work conducted on the Mode I 
interlaminar fracture toughness of a phenolic composite by 
Charalambides and Williams [63]. Adhesive failure was observed 
between the fibre and the matrix indicating that the fracture toughness 
of the composite was less than the fracture toughness for the matrix 
material alone. 
A trend was observed for Mode I fracture toughness and void 
characteristics. Fracture toughness increased with micro-void size up to 
a point where the voids reached approximately 50μm in diameter. 
Beyond this void size the fracture toughness decreases for the samples 
tested. This reduction in fracture toughness for samples with relatively 
large voids was shown to be the direct result of a slower cure speed 
influenced by less loading of catalyst (1%). This result is backed up by 
the trend observed in calculations for the fibre volume fraction; this 
indicated a higher FVF for samples cured with 1% catalyst. It is 
normally accepted that GIc increases with higher FVF [63, 100].  
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Analysis of the molecular structure for samples cured with 0% and 4% 
catalyst indicate no variation in results. The slightly lower degree of cure 
noted for samples with 1% catalyst was ruled out as a cause of 
decreased Mode I fracture toughness, as this would be expected to 
increase the fracture toughness as a result of a lower polymer crosslink 
density. The fibre-matrix adhesion was also investigated through 
interlaminar shear strength tests (ILSS). The trend observed for ILSS 
increases between 1% and 3% catalyst and then a reduction is noted 
for 4% catalyst. This result does not correlate well with the Mode I 
interlaminar fracture toughness results. This is not unexpected, the 
relationship between ILSS and GIIc is discussed later in this section. In 
conclusion it is postulated that the variations in Mode I interlaminar 
fracture toughness are a result of matrix void size influenced by the 
cure speed of the resin determined through concentration of catalyst. 
This finding relating void size and shape to variations in Mode I 
interlaminar fracture toughness is consistent with that produced by 
Ricotta et al [82] who conducted finite element analysis (FEA) of the 
crack behaviour through a laminate and resulting toughness that 
included features representing voids. The agreement, found through 
this experimental work and the analytical / FEA methods used by 
Ricotta et al [82], is significant as it has captured a wide range of void 
sizes and shapes. Additionally it establishes some understanding of the 
upper and lower boundaries in which the trends for variations in 
performance of Mode I interlaminar fracture toughness occur for this 
material. 
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The Mode II interlaminar fracture delamination onset energy was found 
to be consistent in samples ranging from 2% to 4% catalyst. Samples 
cured with 1% catalyst were found to be unstable in results resulting in 
high associated error. This instability is most likely due to the same 
characteristics found to correlate with the reduction in 1% catalyst 
samples tested for Mode I interlaminar fracture toughness; namely large 
voids and a high fibre volume fraction. Davies et al [69] reported that 
the Mode II interlaminar fracture toughness delamination onset energy 
decreased with increasing fibre volume fraction for a glass fibre epoxy 
composite. The same trend was found in this work as shown in Figure 
5-27 that illustrates the trend that for increased FVF a decrease in GIIc 
 is recorded. 
 
Figure 5-27: Comparison between GIIc and Fibre volume fraction over various 
catalyst loadings. 
As previously stated, the fibre-matrix adhesion was investigated through 
interlaminar shear strength tests (ILSS). The trend observed for ILSS 
increases between 1% and 3% catalyst and then a reduction is noted 
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for 4% catalyst. The finding between 1% and 3% is not consistent with 
that found by Tavakoli et al [73] for the wettability of a fibre glass fibre 
subject to acid catalyst (phencat10 @ 7% loading). However the 
decreasing trend of fibre matrix adhesion between 3 % and 4% is 
consistent with the finding by Tavakoli et al [73]. This finding suggests 
that the dominating factor for ILSS tests in this case was the void size 
decrease with increasing catalyst content leading to improved ILSS [43, 
47, 104].  
5.5 Conclusions 
This work has investigated the affect of variations in concentration of 
catalyst with a view towards increasing cure speed and its resulting 
influence on interlaminar fracture properties. The following observations 
are made: 
• The concentration of catalyst is the driving factor in controlling 
the micro-void size. 
• The Mode I interlaminar fracture properties of the material are 
predominately influenced by variations in void size and shape, 
despite adhesive failure between the fibre and the matrix being 
the dominant failure mechanism within this composite.  
• Mode I interlaminar fracture toughness increases with 
corresponding increase in micro-void size up to approximately 
50μm. Beyond this size the performance begins to decrease. 
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• The fibre matrix adhesion is not adversely affected by the 
addition of catalyst between 1% and 3%. However a decrease is 
noted for samples cured with 4% catalyst. 
• The molecular structure remains consistent for samples cured 
with and without catalyst. 
• No clear trend was found between the void characteristics and 
Mode II interlaminar fracture toughness delamination onset 
energy. However it was noted that large voids lead to significant 
scatter in the results and the fibre volume fraction has an 
influence on the Mode II interlaminar fracture performance as a 
decrease was noted for samples with a higher fibre volume 
fraction.   
• From the work conducted a recommendation of three percent 
catalyst by weight yields the most repeatable mechanical results 
and good fracture performance 
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C H A P T E R  S I X  
6 Fracture performance changes 
as a result of cure cycle 
variation. 
6.1 Introduction 
Chapter 4 presented material properties and characteristics for a 
phenolic composite manufactured with variations to the Through 
thickness infusion manufacturing technique described in section 3.2. 
Chapter 5 showed the variation in properties attributed to the 
concentration of catalyst, while Chapter 4 also introduced property 
variations as a result of change in cure temperatures and the heating 
rate used to achieve these temperatures. A more detailed study of 
these variations is reported in this chapter. 
This investigation will show that changes to the cure temperature and 
heating rate of the composite during cure influence the cure speed, 
porosity and interlaminar fracture behaviour. 
In this chapter it is argued that: 
• The fracture properties of this phenolic composite are 
predominately influenced by void characteristics. 
• Void size and content have a direct link to the fracture properties 
of the composite. 
• Mode II Interlaminar fracture is highly influenced by large void 
content. 
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• A new technique was developed to relate the area of adhesion 
from SEM fracture surfaces to Mode I interlaminar fracture 
toughness results. This technique gives a much better correlation 
to GIc performance than other techniques for void analysis. 
• Mode I interlaminar fracture is influenced by large void content 
detected through area of adhesion analysis. 
• The heating rate has a larger effect on the fracture properties 
than the cure temperature.  
These conclusions provide an improved understanding of how 
increasing the cure speed through cure temperature variation and initial 
heating rate affect the fracture properties of the composite. These 
findings will lead to better performing phenolic composites with reduced 
manufacturing time and lower cost. 
6.2 The effect of isothermal cure 
temperature on fracture properties 
6.2.1 Processing of laminates 
It was proposed in Chapter 4 that the mechanical properties decreased 
with increasing cure temperature, except for tests conducted on 
samples cured at 100°C which, in general, displayed results 
inconsistent with those cured at higher temperatures. The main effects 
plots for fibre volume fraction, flexural strength, and interlaminar 
fracture toughness, in particular, showed inconsistent results for 
samples cured at 100°C. Subsequently, it was decided to conduct 
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further testing using the same isothermal cure temperatures evaluated 
in the DOE of Chapter 4 to further investigate these property variations. 
Laminates were produced with no catalyst as per the Through thickness 
infusion manufacturing process (section 3.2). Figure 4-5 indicates the 
difference in cure time associated with each of the cure cycles used to 
achieve the desired manufacturing conditions. The resin was poured 
onto the mould surface and allowed to flow to all corners of the mould. 
Ten layers of Non-Crimp fabric (section 3.1.1) were placed on top of the 
resin followed by the consumables and vacuum bag material, as per the 
lay-up sequence in Figure 3-14. The complete assembly was then 
placed in a room temperature oven and heated according to the desired 
cure cycle. All laminates were post cured together for 10 hours at 200C 
to normalise any degree of cure / matrix modulus differences 
associated with the moulding and initial cure process [89]. Samples 
were then water-jet cut from the laminate for testing.  
After post curing of the laminates was complete, samples from each 
laminate were tested using Dynamic Mechanical Thermal Analysis 
(DMTA) to determine their thermo-mechanical behaviour. This testing 
was conducted to ensure the glass transition temperature for each 
sample was consistent. Single cantilever bending was the deformation 
mode chosen for the tests. Figure 6-1 presents the storage modulus 
trends for each sample. The storage modulus demonstrates the 
stiffness of the composite material with respect to temperature. Each 
sample displays a similar degradation trend with respect to 
temperature. A small drop in storage modulus was noted at ∼275 °C for 
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all samples. This result indicates that the matrix for each sample has 
attained the same glass transition temperature. This was of significance 
in processing as it demonstrates that the post-cure procedure has 
normalised the glass transition temperature variation that would have 
been present due to the variations in cure kinetics from the different 
initial cure temperatures utilised. Variations in glass transition 
temperature result in different matrix mechanical properties [89], which 
was not the focus of this work. The overall variation in stiffness, shown 
in Figure 6-1 is not a good reflection of the stiffness variation in the 
materials tested because it is influenced by the clamping system 
effectiveness for the single cantilever system. 
 
Figure 6-1: DMTA storage modulus for samples cured at different isothermal 
cure temperatures 
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The clamping effectiveness can be affected by the bolt-up torque of the 
sample to the rig and the coefficient of friction between the sample 
surface and the rig. These aspects of the test are difficult to control 
accurately in single cantilever mode and on such small samples and 
resulting low bolt torques. 
The DMTA results give the author confidence in suggesting that any 
variation in mechanical properties associated with changes to the 
isothermal cure temperature cannot be attributed to differences in the 
degree of cure between samples. This has been managed through the 
use of an effective post-cure regime. 
6.2.2 The relationship between porosity and 
fracture behaviour 
The increase in fracture toughness of composite materials due to voids 
has been extensively studied (section 2.4.4.2 [16, 17, 40, 59, 79-82, 
88]).  There is disagreement in the literature relating to the effect of 
voids on fracture properties of composite materials. In some cases 
fracture toughness has been found to increase with porosity while in 
others a decrease is noted. The variations in fracture performance of a 
material due to porosity have been shown to vary with the loading mode 
as well as the specific composite material combination tested. This 
section assesses the influence of void content and void size on the 
Mode I and Mode II interlaminar fracture toughness of this phenolic 
composite cured at varying isothermal cure. 
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6.2.2.1 Mode I interlaminar fracture toughness 
The Mode I interlaminar fracture toughness was investigated as it has 
been shown to correlate with the matrix dominated failure modes, such 
as compression in the presence of a defect [58, 103].  
Mode I fracture toughness was determined through a Double Cantilever 
Beam (DCB) test, as described in 3.1.4.2. The GIc values were 
calculated using Corrected Beam Theory (CBT). 
 
Figure 6-2: Mode I DCB Delamination resistance curves for composites cured at 
various isothermal cure temperatures. 
The Mode I interlaminar fracture toughness was calculated by 
determining the critical strain energy release rate (GIc). Figure 6-2 
represents the strain energy release rate as a function of crack length 
(R-Curve). GIc for each curve was determined by averaging the values 
between the 15mm and 40mm crack lengths. The crack length zero 
point for the purpose of results is considered to be the point on the 
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sample where the crack initiator ends (approximately 50mm from the 
loading point). The average GIc values for each curve are given in 
Figure 6-3 and plotted against the isothermal cure temperature.  
 
Figure 6-3: Average GIc propagation values versus isothermal cure 
temperature. GIc values averaged between 15mm and 40mm crack 
length. 
As with samples cured with the aid of a catalyst in Chapter 5, fibre 
bridging was observed on most specimens. It was also noted that in 
many cases during the test, the fracture plane would jump between 
adjacent layers of reinforcement. This is thought to be due to the 
presence of a large void area in the adjacent interlaminar region as 
discussed in the previous chapter. This concentrates the stress at the 
void region more than at the crack tip; this then redirects the fracture to 
the interlaminar region where the void occurred (Figure 5-5). 
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Scanning electron microscopy on the fracture surface of the DCB 
specimens showed adhesive failure in all specimens. Examples of the 
fracture surfaces observed for the different isothermal cure 
temperatures can be seen in Figure 6-4 to Figure 6-7. 
 
Figure 6-4: Mode I SEM fracture surface image of sample cured at 100°C (region 
represents 104J/m2 SERR and propagated from left to right)  
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Figure 6-5: Mode I SEM fracture surface image of sample cured at 110°C (region 
represents 76J/m2 SERR and propagated from left to right)  
 
 
Figure 6-6: Mode I SEM fracture surface image of sample cured at 120°C (region 
represents 70J/m2 SERR and propagated from left to right)  
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Figure 6-7: Mode I SEM fracture surface image of sample cured at 130°C (region 
represents 35J/m2 SERR and propagated from left to right)  
 
The porosity observed on the Mode I fracture surface of samples cured 
at varying isothermal temperatures contained very few micro-voids, 
although many large voids were observed. A comparison was drawn 
between large void content (discussed later in section 6.2.2.5) and 
Mode I fracture toughness (Figure 6-8). In general the trend suggest 
that as large void content increases GIc decreases.. The lack of a clear 
correlation is thought to be due to the error in associating a void content 
determined through analysing the porosity of a different section of the 
laminate using optical techniques through the thickness of the material 
in a 2 dimensional manner. This technique may not reflect the actual 
void characteristics on the single interlaminar fracture surfaces tested.  
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Figure 6-8: Comparison between GIc at varying isothermal cure temperatures 
and the resulting large void contents associated with the cure temperatures. 
 
Due to the inability to determine the effect of void content on the Mode I 
fracture toughness of the composites cured at varying isothermal cure 
temperatures a new technique was developed to try to better assess 
this relationship. The new technique attempts to assess the void 
content on the actual fracture surfaces from the DCB samples using the 
SEM images developed from the fractography analysis described in 
section 3.1.5.5. Figure 6-9 shows an example at 400x magnification that 
clearly demonstrates the difference between areas of adhesion and 
areas of non-adhesion, which are created due to the presence of large 
voids. The areas of non-adhesion show fibres with a smooth 
undamaged coating of resin that is the result of being in direct contact 
with what is believed to be a volume of water vapour (evolved during 
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the condensation cure reaction). The fracture surfaces could be 
described as having patches of adhered areas (areas where the 
adjacent layer had failed adhesively) and patches of non-adhered areas 
(large voids). These areas range in size from 0.2mm across to over 
1mm and are very irregular in shape. The SEM images of the Mode I 
fracture surface at 27x magnification were analysed using “Image J” 
software and the percentage area of adhesion was calculated. An 
example of this is shown in Figure 6-10 
 
Figure 6-9: Example of Mode I fracture surface at 400x magnification indicating 
areas of adhesion and non adhesion.  
Area of adhesion 
Area of non-adhesion 
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Figure 6-10: Mode I SEM fracture surfaces at 27x magnification for samples 
cured at varying isothermal cure temperatures TL 100°C, TR 110°C, BL 120°C 
and BR 130°C. The areas of non-adhesion to the adjacent layer are highlighted. 
 
The % area of adhesion was then plotted against the isothermal cure 
temperature, (Figure 6-11) which correlated with the GIc results. It would 
appear that this method of determining the effect voids have on the GIc 
performance of this material gives better results than a correlation with 
overall void content calculated through optical microscopy (Figure 6-8). 
It should be noted that this is not a good representation of the complete 
laminate void content but rather a specific representation of the void 
characteristics on the fracture surface for DCB coupons tested to 
assess the actual impact of large voids on GIc. 
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Figure 6-11: Comparison between GIc at varying isothermal cure temperatures 
and the resulting percentage adhered area from the fracture surfaces 
associated with the cure temperatures. 
From the results presented, the GIc for this composite system 
decreases as the percentage of adhered area on the fracture surface 
also decreases. It is believed that this new metric for void evaluation, 
taken directly from the fracture surface is a more accurate reflection of 
the influence of voids on Mode I interlaminar fracture toughness than 
other methods such as typical void content which can’t be calculated 
from the fracture surface. This trend of decreasing GIc with increasing 
void size and content does not agree with results reported by many 
authors [40, 80, 82]. It does, however agree with Mouritz et al [81] and 
Olivier et al [88] who also found that for large void contents there is a 
decreasing performance in Mode I interlaminar fracture toughness.  
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6.2.2.2 Mode II interlaminar fracture toughness 
Out of plane impact produces a bending load on the composite 
laminate, which results in internal shear loadings within the laminate. 
The resistance to this shear fracture from impact on a laminate is 
analogous to the failure mode found through Mode II interlaminar 
fracture toughness tests. These tests were found to correlate 
experimentally with the amount of damage inflicted on a panel during an 
impact event for other composite materials [60].  
Mode II interlaminar fracture toughness was determined through an End 
Notch Flexure test (ENF), as described in 3.1.4.3.  It was not possible to 
record delamination propagation values during these tests due to 
sudden interlaminar fracture of the samples. This behaviour has been 
reported for many thermoset matrix composites and is due to their 
inherent brittle nature. Delamination onset energy was calculated 
according to the method described in 3.1.4.3. Values from all 
specimens tested at each isothermal cure temperature were averaged 
and are presented in Figure 6-12 along with standard deviation error 
bars. 
The Mode II interlaminar fracture toughness testing for samples cured 
at varying isothermal cure temperatures gave very similar results when 
the standard deviations are taken into account. Very few hackles (often 
reported as cusps, lacerations, scallops, platelets, shingles, serrations 
and shear bands [69]) were found on the fracture surface of Mode II 
samples during SEM fractography. Figure 6-13 is an example of the 
fracture surface at high magnification. There are some hackles evident 
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but they are restricted to regions in between fibres. The majority of the 
surface demonstrates adhesive failure of the fibres from the matrix. This 
is contrary to what is typically found in other thermoset matrix 
composites that possess good fibre-matrix adhesion when tested in a 
Mode II configuration. This result indicates that the samples failed at the 
fibre and matrix interface not in a shear manner through the matrix as 
would be expected. 
 
 
Figure 6-12: Average GIIc results versus isothermal cure temperature 
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Figure 6-13: Representative Mode II fracture surface showing adhesive failure of 
fibre from matrix (shown through the straight line surface texture where a fibre 
was peeled away from the matrix). 
Scanning electron microscopy of the fracture surface from ENF 
specimens showed adhesive failure in all specimens (Figure 6-14 to 
Figure 6-17).  
The shape and size of void observed on the fracture surfaces of Mode II 
specimens appear to correlate with those found during the Mode I SEM 
investigation. Areas of large voids separate the areas of adhesive 
failure on the fracture surface. The shape of these voids is believed to 
be due to the fibre constraints within the laminate. A void can only 
remain spherical within the matrix while there is enough free resin 
volume to contain it between fibres. The distribution of these large voids 
could be the source of the large error observed in the Mode II results. 
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Figure 6-14: Mode II SEM fracture surface image of sample cured at 100°C 
(region represents 91J/m2 SERR and propagated from left to right)  
 
 
Figure 6-15: Mode II SEM fracture surface image of sample cured at 110°C 
(region represents 80J/m2 SERR and propagated from left to right)  
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Figure 6-16: Mode II SEM fracture surface image of sample cured at 120°C 
(region represents 90J/m2 SERR and propagated from left to right)  
 
 
Figure 6-17: Mode II SEM fracture surface image of sample cured at 130°C 
(region represents 67J/m2 SERR and propagated from left to right)  
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The observations of poor fibre-matrix adhesion with no resin remaining 
on the fibres of the fracture surface agrees with the results reported by 
Charalambides et al [63] for a glass fibres reinforced phenolic 
composite. This shows that the lack of fibre-matrix adhesion is an 
inherent problem with the resin system rather than an indication that the 
test was not conducted correctly. 
Figure 6-18 shows the trend relating large void size to Mode II fracture 
toughness (GIIc). The results for GIIc delamination initiation energy are 
statistically very similar for all samples with no significant increase or 
decrease in performance. It is worth noting that the results indicate a 
slight reduction in GIIc performance for the samples with the highest 
large void content (110°C and 130°C samples). A trend of decreasing 
GIIc fracture toughness with increasing void content is well documented 
[16, 40] which correlates with the results presented. 
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Figure 6-18: Comparison between GIIc at varying isothermal cure temperatures 
and the resulting large void contents associated with the cure temperatures 
 
6.2.2.3 Fibre matrix adhesion 
 The interlaminar shear strength of a composite is predominately driven 
by the fibre-matrix adhesion. This property is commonly evaluated 
through the use of a Short Beam Shear (SBS) test, which was outlined 
in 3.1.4.4. 
ILSS was determined from samples cured at isothermal cure 
temperatures of 100°C, 110°C, 120°C and 130°C. The average results 
from these tests are plotted including their respective errors in Figure 
6-19. 
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Figure 6-19: ILSS of samples cured at varying isothermal cure temperatures. 
 
The results indicate a reduced ILSS with increasing isothermal cure 
temperature. The dominant failure mode of the SBS samples is most 
likely delamination of the fibres from the matrix as it was in the Mode I 
and Mode II testing. This failure was also observed by St John et al [71] 
in SBS testing on a phenolic / fibreglass composite with various fibre 
sizings. They reported this failure is due to the brittle nature of the resin 
and high void contents. 
Wisnom et al [47] postulated that “the commonly observed decrease in 
interlaminar shear strength with increasing void content is caused by 
the combination of the reduction in cross-sectional area due to 
distributed voids, together with initiation of failure from individual voids if 
they are sufficiently large.”  The overall reducing trend, although not 
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significant for ILSS as the cure temperature is increased, is most likely 
due to the size or amount of voids present in individual coupons. Given 
that the coupon geometry is so small, variations in void geometry could 
also explain the large error observed in the results. 
The decreasing trend for ILSS does however correlate with the SEM 
analysis of the percentage adhered area conducted on Mode I 
interlaminar fracture toughness coupons in section 6.2.2.1, where a 
reduction in adhered area as isothermal cure temperature increases 
was shown. 
 
6.2.2.4 Fibre volume fraction 
Fibre Volume Fraction (FVF) can contribute to the interlaminar fracture 
performance of a composite. Davies et al [69] suggested that GIIc 
increases with decreasing fibre content. The FVF of all samples was 
calculated as described in 3.1.5.2. 
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Figure 6-20: Comparison between fibre volume fraction and isothermal cure 
temperature 
The results for Fibre Volume Fraction (Figure 6-20) show a marginally 
decreasing trend as isothermal cure temperature increases. Of 
significance is the increase in fibre volume fraction for samples cured at 
100°C.  
 
Figure 6-21: Relationship between Fibre Volume Fraction and GIIc 
  176 
Figure 6-21 shows the trend for FVF and GIIc. It appears that samples 
with a higher FVF display increased GIIc performance. This is contrary 
to what is suggested in the literature [69]. This suggests that FVF is not 
the dominating influence on GIIc. 
6.2.2.5 Porosity analysis 
The importance of porosity and its effect on fracture behaviour has 
been highlighted extensively in the literature (see 2.4.4.2). An 
investigation on porosity of the laminates was determined through 
optical microscopy, as described in 3.1.5.1. Microscopy of specimens 
was conducted at two magnifications (50x and 500x) to investigate both 
large voids and micro-voids.  
A magnification of 500× was selected to analyse the small void content. 
For this analysis, a region within the cross section free from large voids 
and with the area of fibres perpendicular to the image plane was 
chosen. This selection allowed detection of the amount of micro-voids 
entrapped within the individual fibre bundles. These micro-voids range 
in size from 1μm to 50μm. 
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The 50× magnification micrographs (Figure 6-22) fail to indicate a 
significant trend when related to cure temperature alone (Figure 6-25). 
However when comparing the 50x magnification void content to the 
500x magnification void content (Figure 6-30) it appears that any 
increase in micro-void content leads to a decrease in large void content 
and vice versa. The 500× magnification micrographs (Figure 6-23) 
indicate that higher isothermal temperatures have an increased 
percentage of micro-voids.  
The lowest total void content observed was for the 100°C samples. It is 
postulated that this cure cycle has the longest duration, therefore the 
voids have more time to be extracted under vacuum. Further to this the 
Figure 6-22: Optical micrographs at 50x magnification of sample cured at
100°C (TL), 110°C (TR), 120°C (BL) and 130°C (BR). 
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samples cured the fastest (120°C and 130°C) have the highest amount 
of micro-voids. 
The total void content is calculated by the addition of both large and 
small void contents. This is because the limited resolution at 50× 
magnification fails to detect voids in the 1μm to 50μm range. 
Figure 6-23: Optical micrographs at 500x magnification of sample cured at
100°C (TL), 110°C (TR), 120°C (BL) and 130°C (BR). 
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The results presented in Figure 6-24 suggest that the total void content 
for all samples ranges from 15% to 20%. 
The variation in void size as a result of cure temperature variation and 
amount of catalyst agree with previous work conducted by Wolfrum and 
Ehrenstein [89] who found that increasing the cure temperature of a 
phenolic neat resin sample resulted in a reduction in void diameter.  
In general, it has been found that as the isothermal cure temperature 
increases so does the cure speed (see Figure 4-5). This increase in 
cure speed appears to restrict the time small water molecules 
(produced as a by-product of the condensation cure reaction) have to 
agglomerate and form larger volumes of water. This lack of time to 
agglomerate results in smaller voids within the matrix.  
Figure 6-24 Void content from optical microscopy of samples cured at various
isothermal cure temperatures. 
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6.3 The effect of heating rate on fracture 
properties 
Section 6.2 examined the effect of varying isothermal cure 
temperatures on the Mode I and Mode II interlaminar fracture properties 
of the selected composite material. This section provides a comparison 
between two different heating rates (2°C / minute and 8°C / minute 
which are representative of an oven cure and quickstep cure process 
respectively) used to reach an isothermal cure temperature of 130°C.  
Chapter 4 showed that Mode I and Mode II interlaminar fracture 
toughness was affected by the cure process. In the case studied, the 
laminates cured using the Quickstep process displayed improved Mode 
I and Mode II interlaminar fracture toughness performance over those 
cured in an oven (see Appendix 2). The Quickstep process provides a 
much faster heating rate than that of the compared oven cure. (section 
3.1.2.2). The improvements seen in interlaminar fracture toughness did 
not correlate to void content or fibre volume fraction in the DOE. It was 
postulated in Chapter 4 that the variation may be due to differences in 
the degree of cure of the matrix material. Subsequently, it was decided 
to conduct more specific testing and analysis to determine the effect 
that heating rate has on the interlaminar fracture performance of a 
phenolic composite.  
6.3.1 Processing of laminates 
Laminates were produced with no catalyst as per the Through thickness 
infusion manufacturing process described in section 3.2. Figure 6-25 
shows the difference in cure time associated with both of the cure 
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cycles used to achieve the desired manufacturing conditions. The 
samples heated to 130°C via a 2°C / minute heating rate took 
approximately 50 minutes to reach gelation, while the samples heated 
to 130°C at 8°C / minute took less than 20 minutes to reach gelation. 
As before, the resin was poured onto the mould surface and allowed to 
flow to all corners of the mould. Ten layers of Non-Crimp fabric (section 
3.1.1) were placed on top of the resin followed by the consumables and 
vacuum bag material, as per the lay-up sequence in Figure 3-14. The 
complete assembly was then placed in a room temperature oven and 
heated to 130°C at 2°C / minute, or alternatively the assembly was 
placed into a preheated oven to achieve the heating rate of 8°C / 
minute. All laminates were post cured together for 10 hours at 200C to 
normalise any degree of cure / matrix modulus differences associated 
with the moulding and initial cure process [89]. Samples were then 
water-jet cut from the laminate for testing.  
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Figure 6-25: Rheology results for non-catalysed resin cured at 130°C with 
temperature ramp rates to simulate both an oven and quickstep cure profiles. 
 
After post curing of the laminates was complete, their thermo-
mechanical behaviour was tested using Dynamic Mechanical Thermal 
Analysis (DMTA) to ensure the glass transition temperature for each 
were consistent. Single cantilever bending was the deformation mode 
chosen for the tests. Figure 6-26 displays a degradation trend with 
respect to temperature for both samples. A small drop in storage 
modulus is observed at ∼275 °C. This indicates that the matrix for each 
sample has attained the same glass transition temperature, and that the 
post-cure procedure has normalised the glass transition temperature 
variation that would have been present due to the variations in cure 
kinetics from the different heating rates utilised. Variations in glass 
transition temperature result in different matrix mechanical properties 
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[89], which was not the focus of this work. The overall variation in 
stiffness, shown in Figure 6-26 is not a good reflection of the stiffness 
variation as discussed previously. 
The DMTA results give the author confidence in suggesting that any 
variation in mechanical properties associated with changes to the 
isothermal cure temperature cannot be attributed to differences in the 
degree of cure between samples. This has been managed through the 
use of an effective post-cure regime. 
 
 
 
 
Figure 6-26: DMTA storage modulus for samples cured with different heating rates 
to 130°C cure temperature 
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6.3.2 The relationship between porosity and 
fracture behaviour 
 
6.3.2.1 Mode I interlaminar fracture toughness 
The Mode I interlaminar fracture toughness was calculated by 
determining the critical strain energy release rate (GIc) for each of the 
specimens tested at both 2°C / minute and 8°C / minute. Figure 6-27 
presents the average strain energy release rate as a function of crack 
length (R-Curve) for both heating rates. GIc for each curve was 
determined by averaging the values between the 15mm and 40mm 
crack lengths to ensure that crack initiation values are not influencing 
the strain energy release rate calculation. . The crack length zero point 
for the purpose of results is considered to be the point on the sample 
where the crack initiator ends (approximately 50mm from the loading 
point). The average GIc for samples cure at 2°C / minute was 35 J/m2 
while those cured at 8°C / minute was 177 J/m2. 
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Figure 6-27: Mode I DCB Delamination resistance curves for composites cured 
with different heating rates. 
 
As with samples cured with the aid of a catalyst in Chapter 5, fibre 
bridging was observed on most specimens.  
Scanning electron microscopy on the fracture surface of DCB 
specimens showed adhesive failure on all specimens (Figure 6-28 and 
Figure 6-29). 
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Figure 6-28: Mode I SEM fracture surface image of sample cured at 130°C, 2°C / 
minute heating rate (region represents 35J/m2 SERR and propagated from left to 
right) 
 
Figure 6-29: Mode I SEM fracture surface image of sample cured at 130°C, 8°C / 
minute heating rate (region represents 182J/m2 SERR and propagated from left 
to right) 
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Figure 6-28 shows that samples cured at 2°C / minute had regions of 
adhesive failure separated by large void areas (voids up to 1mm) 
showing fibres still coated with the matrix and not connected by the 
matrix to the adjacent layer of reinforcement.  
Figure 6-29 is an indication of the fracture surfaces observed for 
samples cured at a heating rate of 8°C / minute. In comparison to 
samples cured at the lower heating rate this fracture surface contains a 
much greater area of adhesive failure.  
Using the area of adhesion method developed in 6.3.2.1 a clearer 
relationship was found between Mode I interlaminar fracture toughness 
and the area of adhesion. The areas of adhesion for the example 
fracture surfaces are outlined in Figure 6-30.  
Figure 6-30: Mode I fracture surface areas of adhesion for samples cured at
different heating rates. 2°C / min (left) and 8°C / min (right) 
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Figure 6-31: Relationship between GIc and % area of adhesion for samples cured 
at different heating rates. 
 
Analysis of the results show that the GIc for this composite increases 
when the heating rate increases from 2°C / minute to 8°C / minute. This 
result agrees with the data presented in Figure 6-31. This data relates 
the area of adhesion (a good representation of localised large void 
content) with GIc. 
As previously discussed in 6.2.2.1 this agrees with results found by 
Mouritz et al [81] and Olivier et al [88].  
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6.3.2.2 Mode II interlaminar fracture toughness 
Mode II interlaminar fracture toughness of samples cured at different 
heating rates was determined through an End Notch Flexure test (ENF), 
as described in 3.1.4.3.  It was not possible to record delamination 
propagation values during these tests due to sudden interlaminar 
fracture of the samples. Values from specimens tested at both heating 
rates were averaged and are presented in Figure 6-32 along with 
standard deviation error bars. 
 
Figure 6-32: Average GIIc results for heating rates of 2°C / minute and 8°C / 
minute. 
 
The Mode II interlaminar fracture toughness testing for samples cured 
at both heating rates recorded very different results. The samples cured 
with the 2°C / minute heating rate had very few hackles and show clean 
adhesive failure of the fibre from the matrix at the regions that were in 
good contact with the adjacent layer (Figure 6-33). 
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Samples cured at a heating rate of 8°C / minute show a very different 
fracture surface. The fracture surface for these samples show some 
adhesive failure of the fibre from the matrix but also show a much 
greater area of adhesion and more hackles than samples cured at a 
lower heating rate (Figure 6-34). The increased amount of hackles 
indicate a greater degree of matrix shearing which leads to an improved 
delamination resistance. 
The shape and size of voids observed on the fracture surfaces of Mode 
II specimens appear to correlate with those found during the Mode I 
SEM investigation.  
The observations of poor fibre matrix adhesion with no resin remaining 
on the fibres of the fracture surface agrees well with the results reported 
by Charalambides et al [63] for a glass fibres reinforced phenolic 
composite. The trend of decreasing GIIc fracture toughness with 
increasing void content is well documented [16, 40]. 
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Figure 6-33: Mode II SEM fracture surface image of sample cured at 130°C, 2 
degrees per minute heating rate (region represents 67J/m2 SERR and 
propagated from left to right) 
 
Figure 6-34: Mode II SEM fracture surface image of sample cured at 130°C, 8 
degrees per minute heating rate (region represents 122J/m2 SERR and 
propagated from left to right) 
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6.3.2.3 Fibre matrix adhesion 
The interlaminar shear strength of a composite is predominately driven 
by the fibre matrix adhesion. This property is commonly evaluated 
through the use of a Short Beam Shear (SBS) test. SBS testing was 
conducted according to 3.1.4.4. 
ILSS was determined from samples cured at heating rates of 2°C / 
minute and 8°C / minute up to an isothermal cure temperature of  
130°C. The average results from these tests are plotted including their 
respective errors in Figure 6-35. 
Figure 6-35: Relationship between ILSS and cure cycle heating rate 
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The results indicate an increased ILSS with increased cure cycle 
heating rate. 
The dominant failure mode of the SBS samples is most likely 
delamination of the fibres from the matrix as it was in the Mode I and 
Mode II testing, This failure was also observed by St John et al [71] in 
SBS testing on a phenolic / fibreglass composite with various fibre 
sizings. They reported that this failure is due to the brittle nature of the 
resin and high void contents. 
Wisnom et al [47] postulated that “the commonly observed decrease in 
interlaminar shear strength with increasing void content is caused by a 
combination of the reduction in cross-sectional area due to distributed 
voids, together with initiation of failure from individual voids if they are 
sufficiently large.”  This relationship is clearly present as can be seen 
from the fractography images in Figure 6-33 and Figure 6-34 which 
show a significant reduction in large voids from samples of the same 
specimens tested in Mode II interlaminar fracture toughness tests. 
The decreasing trend for ILSS does also correlate with the SEM 
analysis of the percentage adhered area conducted on Mode I 
interlaminar fracture toughness coupons in section 6.2.2.1. This 
analysis indicates a reduction in adhered area as the isothermal cure 
temperature increases. 
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6.3.2.4 Fibre volume fraction 
Fibre Volume Fraction has been shown to contribute to the interlaminar 
fracture performance of a composite. Davies et al [69] suggested that 
GIIc increases with decreasing fibre content. The FVF of all samples 
was calculated according to 3.1.5.2. 
The average result of all specimens tested at each heating rate for fibre 
volume fraction are plotted in Figure 6-36. 
 
Figure 6-36: Fibre volume fractions for samples cured at heating rates of 2°C / 
minute and 8°C / minute. 
 
The results for Fibre Volume Fraction show that all specimens cured at 
different heating rates have maintained approximately the same Fibre 
Volume Fraction of 60%. This result gives the author confidence that 
variations in fracture properties are not due to variations in fibre volume 
fraction. 
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6.3.2.5 Porosity analysis 
The importance of porosity and its effect on fracture behaviour has 
been highlighted extensively in the literature (see 2.4.4.2). An 
investigation into porosity of the laminates was determined through 
optical microscopy, as described in 3.1.5.1. Microscopy of specimens 
was conducted at two magnifications as explained previously.  
For this analysis, a region within the cross section free from large voids 
and with the area of fibres perpendicular to the image plane was 
chosen. This selection allowed detection of the amount of micro-voids 
entrapped within the individual fibre bundles. These micro-voids range 
in size from 1μm to 50μm. 
The 50× and 500x magnification micrographs (Figure 6-37) indicate a 
trend towards increasing microvoid content and decreasing large voids 
as heating rate increases. 
 
  196 
 
The data also suggests increased overall void content with increasing 
heating rate. This can be attributed to increased cure speed (see Figure 
6-25) allowing less time for volatile removal during cure.  
Figure 6-37: Optical micrographs of samples cured at both 2°C/min and
8°C/min. 50x 2°C/min (TL), 50x 8°C/min (TR), 500x 2°C/min (BL) and 500x
8°C/min (BR). 
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Figure 6-38: Void content from optical microscopy of samples cured at both 
2°C/min and 8°C/min. 
 
The total void content is calculated by the addition of both large and 
small void contents. This is because the limited resolution at 50× 
magnification fails to detect voids in the 1μm to 50μm range. 
The results presented in Figure 6-38 suggest that the total void content 
for all samples produced ranges from 20% to 22.5%. 
In general, it has been found that as heating rate increases so does the 
cure speed (see Figure 6-25). This increase in cure speed appears to 
restrict the time small water molecules (produced as a by-product of the 
condensation cure reaction) have to agglomerate and form larger 
volumes of water. This lack of time to agglomerate results in smaller 
voids within the matrix. 
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6.4 Discussion 
The need to decrease the manufacturing time associated with 
composites has forged the desire to increase cure speed. This chapter 
has examined how increased isothermal cure temperatures and heating 
rates have influenced the fracture properties of this phenolic composite.  
It has been previously established [59, 70] that variations in fracture 
performance of a composite can be attributed to the characteristics of 
the composite. These include:  
• Void properties, (size and content) which can lead to fibre 
bridging and variations in stresses at the crack tip.  
• Fibre - matrix adhesion, which if significantly low can result in 
fibres peeling away from the matrix (adhesive failure) rather than 
resin fracture.  
• Fibre volume fraction, which if significantly low can result in poor 
fibre matrix adhesion, higher void content and also variations in 
how the crack propagates through the material.  
The toughness of the matrix material also influences the fracture 
behaviour of the composite; this can be a result of changes in the 
degree of cure between samples, or variations in the matrix 
molecular structure. This was also observed by Wolfrum and 
Ehrenstein [89] in cured neat resin samples of a different phenolic 
resole. 
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Good correlation was found between previous work conducted on the 
Mode I interlaminar fracture toughness of a phenolic composite by 
Charalambides and Williams [63]. Adhesive failure was observed 
between the fibre and the matrix indicating that the fracture toughness 
of the composite was less than the fracture toughness for the matrix 
material alone. 
Mode I interlaminar fracture toughness (GIc) displayed a reduction in 
performance with increased isothermal cure temperature. This is 
believed to be due to the reduction in the percentage adhered area due 
to large voids that have developed between the layers of reinforcement. 
The same correlation between % adhered area and GIc was noted with 
results that compared variations in heating rate in section 6.3. A 
dramatic increase in Gic was noted for samples that underwent a 
heating rate of 8°C / minute when compared to those that were 
exposed to 2°C / minute. The significant reduction in cure time achieved 
by using a faster heating rate has resulted in a much lower large void 
content and increased small void content. This effect has had a 
dramatic influence on Gic. Figure 6-39 demonstrates the trend 
presented in section 6.2.2.1 combined with the data presented in 
section 6.3.2.1. It is clearly evident that the percentage area of 
adhesion has a significant effect on the resulting Gic. It is also believed 
that the new technique developed for evaluating the percentage of 
adhered area directly from the fracture surface of coupons testing to 
determine Gic is a better way of evaluating the effect of voids on the 
Mode I interlaminar fracture performance. 
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Figure 6-39: Comparison between GIc at various isothermal cure temperatures 
and heating rates vs % adhered area 
 
The Mode II interlaminar fracture delamination onset energy (GIIc) was 
found to be linked to the large void content characteristic. As the large 
void content increased GIIc was found to decrease. However, no 
significant trend was found relating GIIc to isothermal cure temperature. 
The same trend relating large void size to GIIc was observed for 
changes to the heating rate during the cure process. Figure 6-41 
demonstrates the trend presented in section 6.2.2.2 combined with the 
additional data presented for GIIc and large void content in section 
6.3.2.2. It is clearly shown that the trend relating large void content and 
GIIc exists for both data sets. The GIIc results presented for samples 
cured with a heating rate of 8°C / minute clearly demonstrate a 
significant improvement over those cured at the lower heating rate. 
130 °C (8°C/min) 
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In order to confirm that the fracture properties GIc and GIIc are being 
influenced solely by the void size and distribution, other tests were 
conducted on composite characteristics known to affect the interlaminar 
fracture properties as a matter of due diligence. Characteristics such as 
Fibre Volume Fraction, Degree Of Cure and Fibre Matrix Adhesion are 
known to influence a composite’s interlaminar fracture toughness as 
highlighted in section 2.4.2. 
The fibre volume fraction for all samples cured at either different 
isothermal cure temperatures or variations in heating rate (Figure 6-20 
and Figure 6-36) indicate that a similar Fibre Volume Fraction of 
approximately 60% was achieved for all specimens with the exception 
of those cured at 100°C. It is known that an increase in FVF can lead to 
a variation in measured interlaminar fracture toughness which may 
Figure 6-41: Comparison between GIIc at various isothermal cure 
temperatures and heating rates vs large void content. 
130 °C (8°C/min) 
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explain why the results for GIc and GIIc cure at this temperature deviate 
more than others from the trends presented. However, the trend is not 
affected by this variation.  
The degree of cure of all laminates was normalised through an effective 
post cure regime to ensure that the interlaminar fracture toughness 
results were not affected by variations in resin properties associated 
with degree of cure. 
The fibre to matrix adhesion was investigated through Interlaminar 
Shear Strength tests (ILSS). The ILSS decreases as isothermal cure 
temperature increases. ILSS testing is known to be influenced by void 
content and so a drop in performance is expected in this case [43]. A 
drop in performance is noted as the isothermal cure temperature 
increases. This is believed to be due to an increase in large void 
content rather than an actual loss in fibre-matrix adhesion as there is no 
significant variation in the minimum viscosity reached (Figure 4-5) 
during the cure of the resin at different isothermal cure temperatures. 
An increase in ILSS was also observed in samples cured with a faster 
heating rate, for the same reasons just outlined relating to the influence 
of large voids. Additionally no significant variation in minimum viscosity 
is noted for samples cured at the faster heating rate (Figure 4-6). 
The culmination of the investigation relating to the cause of variations in 
interlaminar fracture performance through changes in cure speed, as a 
result of isothermal cure temperature and heating rate, illustrate the 
dominance of void properties over other composite characteristics in 
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these interactions. The void characteristics found in this chapter relate 
to both the cure speed and the cure temperature of the cure cycle.  
 
Figure 6-42: Comparison of all cure cycles and rheology results studied in this 
chapter.  
This work has demonstrated that samples with cure times longer than 
40 minutes all showed significant amounts of “large voids” and the 
higher the final cure temperature the more these large voids increased 
in size and consequently reduced the interlaminar fracture performance. 
This increase in size is due to the water vapour pockets expanding to a 
larger size within the laminate at higher cure temperatures. This is due 
to the relationship found by Kardos et al [95], which defines whether 
water void growth is possible relative to the cure temperature and the 
external pressure applied to a laminate. However, a significant increase 
in heating rate (Section 6.3) did not allow large voids to form to the 
same extent within the laminate due to the much faster cure speed 
(Figure 6-42). This faster cure speed results in the small voids within 
  204 
the resin created from the water evolved during the condensation cure 
reaction which does not have time to agglomerate and form into larger 
voids. 
6.5 Conclusion 
This work has investigated the effect of variations in isothermal cure 
temperature and heating rate with the aim of increasing cure speed and 
determining its resulting influence on interlaminar fracture properties. 
The following observations are made: 
• The fracture properties of this phenolic composite are 
predominately influenced by the void characteristics. 
• Void size and content have a direct link to the fracture properties 
of the composite. 
• Mode II Interlaminar fracture was influenced by large void 
content. 
• A new technique was developed to relate the area of adhesion 
from SEM fracture surfaces to Mode I interlaminar fracture 
toughness results. This technique gives a much better correlation 
to GIc performance than other techniques investigated for void 
analysis. 
• Mode I interlaminar fracture is highly influenced by large void 
content detected through area of adhesion analysis. 
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• The heating rate has a larger effect on the fracture properties 
than the cure temperature.  
These conclusions provide an improved understanding of how 
increasing the cure speed through cure temperature variation and initial 
heating rate affect the fracture properties of the composite. These 
findings will lead to better performing phenolic composites with reduced 
manufacturing time and lower cost. 
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C H A P T E R  S E V E N  
7 General discussion 
7.1 Introduction 
The desire for improved manufacturing efficiency and interlaminar 
fracture properties for fire resistant phenolic composites were 
highlighted in Chapter 1. These improvements reduce manufacturing 
cost and increase damage tolerance of composite materials. In this 
chapter the outcomes from the preceding chapters are discussed in 
terms of how they fit within existing literature and the research question 
presented in Chapter 1:  
How can the cure cycle time of a liquid moulded resole phenolic 
composite be reduced and how do these reductions affect mechanical 
and micro-structural properties with specific reference to fracture 
behaviour? 
Chapter 4 highlighted the significant influence that variations in cure 
speed can have on the properties of a phenolic composite through the 
use of a “Design Of Experiments” approach. Chapters 5 and 6 sought to 
provide an in-depth investigation into the influence that increased cure 
speed, achieved through three different mechanisms (acid catalyst, 
increased cure temperature and increased heating rate) had on the 
fracture properties of a phenolic composite 
The industry relevance of this work is discussed at the end of the 
chapter based on the increasing use of composite materials in mass 
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transport applications. The scope of the overall thesis and the 
knowledge contributed towards the understanding of the implications of 
increasing cure speed of this phenolic composite material system is 
also discussed. 
7.2 Material characteristic variations due to 
reduced cure cycle times 
It is widely accepted that variations to the manufacturing process and 
curing regime of composite materials can significantly affect the 
characteristics of the resulting material. The characteristics being, 
properties of the material that are integral to how the material as a 
whole performs its function. A measure of each of these characteristics 
is essential in understanding with certainty the influence of a given 
processing variation on a particular mechanical property. 
The material characteristics relevant to the properties studied in this 
thesis include fibre-matrix adhesion, fibre volume fraction, degree of 
cure, variations in the molecular structure of the matrix and porosity 
within the structure. 
7.2.1 Fibre – matrix adhesion 
Fibre - matrix adhesion is the degree to which the reinforcement fibres 
adhered to the supporting matrix. This characteristic can have a 
significant effect on mechanical and fracture properties. Previous work 
highlighted that the use of an acid catalyst can reduce the fibre-matrix 
adhesion [73].  Cure speed and the associated minimum viscosity 
reached during cure of the resin can also affect how well the fibres wet 
  208 
out and then how well they adhere to the resin [101]. Chapter 5 
demonstrated that through the use of interlaminar shear strength (ILSS) 
testing (a good measure of fibre-matrix adhesion) a reduction in ILSS 
was found with a high percentage catalyst (4%). ILSS did, however, 
generally increase with reductions in cure cycle times as evidenced by 
samples tested with catalyst loadings between 1 and 3%. However, 
Chapter 6 reported the opposite trend. ILSS decreased while cure 
speed was increased through the use of increased cure temperatures. 
This is believed to be due to the increased volume of large voids in the 
composite as the isothermal cure temperature was increased. Short 
Beam Shear testing is influenced by void content and, particularly, large 
voids as they result in initiation of failure [47]. Therefore, a drop in 
performance can be expected due to the increasing amount of large 
voids present in these samples. These results are not considered a 
good indication of fibre-matrix adhesion. 
Figure 7-1 is a combination of all cure times tested through Chapters 5 
and 6 with the exclusion of those in Chapter 6 that had a significant 
amount of large voids present. A clear trend is observed which agrees 
that ILSS increases as cure speed decreases. This is consistent with 
results presented by [101]. 
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Figure 7-1: Relationship found between ILSS and cure time. 
 
7.2.2 Fibre volume fraction 
The fibre volume fraction was measured for all cure regimes tested. The 
fibre volume fraction remained quite consistent during work conducted 
in Chapters 5 and 6. This is due to the manufacturing process retaining 
all of the resin within the laminate as no resin was allowed to bleed from 
the system through the use of any perforated release film, as was the 
case in Chapter 4. However, there were some samples that displayed 
minor variations in fibre volume fraction. Material property results for 
these samples were scrutinised based on these outcomes to ensure 
that the effect of any changes were noted. 
  210 
7.2.3 Matrix toughness 
The toughness of the matrix material can be a significant contributor to 
the fracture behaviour of the composite. Variations in matrix toughness 
can be attributed to two factors: the degree of cure achieved with 
different cure regimes and any variations in the matrix molecular 
structure.  
All samples tested were subjected to an effective post cure regime to 
ensure all samples reached the same degree of cure. Analysis of cured 
resin samples confirmed that the post cure normalisation process was 
effective in dealing with any variations associated with cure of samples 
at different speeds. 
For samples cured with the addition of a catalyst analysis of the 
molecular structure for samples cured with 0% and 4% catalyst indicate 
no variation in results. This is a clear indication that any variation in 
mechanical or fracture properties found is not a result of changes in the 
matrix molecular structure, due to the addition of the sulfonic acid 
catalyst. 
7.2.4 Porosity Development  
It has been well reported and proven in this work that the driving 
property for the composite’s fracture performance is closely related to 
the void characteristics of the composite. The void characteristics are 
defined during the assembly and cure stages of the manufacturing 
process. It is also well documented that the voids present in phenolic 
composites are largely related to the entrapment of water given off 
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during the condensation cure reaction and void contents of around 20% 
are common [71]. This work has shown that the void characteristics 
vary greatly between the different cure regimes studied. The variation in 
these void characteristics can only be attributed to the difference in cure 
speeds and temperatures of each of the experiments. Figure 7-2 
summarises the void content characteristics according to cure time. 
Here, cure time is defined as the time period between the beginning of 
the cure cycle and the point at which the resin is considered to have 
turned from a liquid to a solid (gelled). This point is easily identifiable 
from the rheology results presented in section 4.2.1 where the viscosity 
approaches a vertical asymptote. It is clear that as cure time increases 
the amount of micro-voids decrease while the amount of large voids 
increase. The combination of results from work conducted on cure 
regimes with and without a catalyst in Chapters 5 and 6 provide clear 
evidence that the driving influences on void size for the studied material 
are cure speeds and final temperatures.  
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Figure 7-2: Large and Small Void Content vs Cure Time of samples from 
Chapters 5 & 6 
In work previously conducted on phenolic resin samples by Wolfrum 
and Ehrenstein [89], it was stated that the cure temperature did not 
influence the average void diameter as much as the hardener 
concentration. This would appear to be correct. However, this work 
establishes that the fundamental cause of this phenomenon is cure 
speed, which is driven by the amount of catalyst and also the thermal 
cure cycle used. Small changes in catalyst do have a more significant 
influence on cure speed than changes in isothermal cure temperature 
for a given heating rate. It has been shown that with an aggressive 
approach to heating rate, made possible by manufacturing processes 
such as Quickstep™, significant reductions in the cure time are possible 
without the use of a catalyst. These variations in heating rate presented 
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in Section 6.3.1 demonstrated that it was possible to achieve short cure 
times and thus produce large amounts of micro-voids without the use of 
a catalyst. Figure 7-3 is an example comparison of rheology results for 
two cure regimes, one with 3% catalyst and a standard 2°C/minute 
heating rate with 55°C isothermal cure temperature. The second regime 
is with no catalyst, 8°C/minute heating rate and a 130°C isothermal 
cure temperature. These two regimes produce similar results in terms of 
cure time, 13 minutes vs. 18 minutes.  
 
Figure 7-3: Rheology results for 3% catalyst, 2°C/minute heating rate with 55°C 
isothermal cure temperature (Green). No catalyst, 8°C/minute heating rate with 
130°C isothermal cure temperature (Blue). 
 
Figure 7-4 presents the outcome of the above two cure regimes in 
terms of micro-voids observed during optical microscopy. Both samples 
display micro-voids, the 18-minute cure time sample on the right clearly 
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demonstrates micro-voids that are larger than those shown on the left. 
This can be attributed to the slightly longer cure time. This decrease in 
cure time restricts the time small water molecules (produced as a by-
product of the condensation cure reaction) have to agglomerate and 
form larger volumes of water or reduces their ability to expand in size 
due to the relationship between water vapour volume, temperature and 
pressure discussed in Chapter 3.  
 
The analysis of void content through different magnifications of optical 
microscopy has proven to be a useful tool in determining the relative 
influence of cure speed on void size. However, limitations were found 
when evaluating the effect of large void content on fracture properties in 
Chapter 6. Through investigation of other composite attributes during 
this work it is believed that the void characteristics of the fracture 
toughness coupons were still the driving factor in performance. Further 
Figure 7-4: 500x micrograph of micro-voids contained in laminates cured with
3% catalyst at 55°C with a 2°C/min heating rate (left) and no catalyst cured at 
130°C with a 8°C/min heating rate (right)  
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investigation and development of the “% area of adhesion” method 
showed very good correlation with fracture performance results.  
The difference in results observed through optical microscopy and the 
area of adhesion method is due to the implication that once voids reach 
a large enough size after merging together from what were once micro-
voids, they become larger than the resin rich interface between the 
layers of reinforcement where they commonly reside. As voids grow 
larger than this thickness threshold size (50μm in this case) their shape 
is no longer consistent and it is difficult to estimate their actual influence 
in terms of void content when only looking at a single cross section of 
the void shape. A better representation of the void content with large 
voids present was shown to be the % area of adhesion method, this is 
especially the case with interlaminar fracture samples where the actual 
interface between layers that influence the fracture performance can be 
easily analysed after a test is conducted. 
All significant methods of reducing the cure cycle time studied in this 
work led to a reduction in void size. 
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7.3 The effect of increased cure speed on 
fracture properties 
In Chapter 4 it was proposed that variations in fracture properties could 
be due to differences in degree of cure. Chapters 5 and 6 illustrate that 
this is not the case and large variations in fracture performance due to 
changes in cure regimes are still possible when all samples maintain 
the same degree of cure. The most significant variations in Mode I 
interlaminar fracture performance are shown to be a function of the void 
size and content from the results presented in this thesis. Figure 7-5 
illustrates the increase in GIc interlaminar fracture toughness through 
the increase in micro-void content within the laminate. This data is a 
combination of data from samples presented in Chapters 5 and 6 which 
all demonstrated significant micro-voids.  
Figure 7-6 shows the inverse trend present for samples with a 
significant large void content. As the large void content increases a 
clear reduction in Mode I interlaminar fracture toughness is shown. This 
demonstrates that samples that have the largest of what are considered 
micro-voids (voids that remain spherical and distributed within the fibre 
tow bundle but do not migrate to the resin rich zones between the 
layers of reinforcement where they become large voids) have the best 
Mode I interlaminar fracture performance. The reason for this increase 
in performance due to increased micro-void size and content can be a 
combination of factors. It is generally accepted that increases in Mode I 
interlaminar fracture toughness due to voids are a function of fibre 
bridging during the DCB testing, or variations in the crack tip stress 
distribution as the crack passes through the material. The voids in this 
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case can act as crack arrestors [82]. It is plausible that both factors 
would have contributed to the results that indicate an increase in 
performance as fibre bridging was noted during testing. 
A reduction in Mode I performance once voids reach a critical size is 
due to the increase in stress at the crack tip due to there being a 
significant reduction in the amount of material holding the composite 
together at the fracture surface. This increase in stress at the crack tip 
then begins to outweigh the usefulness of the voids as crack 
propagation arrestors. 
 
Figure 7-5: The relationship found between micro-void content and Mode I 
interlaminar fracture toughness (GIc). 
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Figure 7-6: The relationship found between Large-void content and Mode I 
interlaminar fracture toughness (GIc) 
 
Very little work has been reported on the Mode I interlaminar fracture 
toughness performance of phenolic carbon fibre composite materials 
although there has been significant study of this property for other 
composite materials. There is conjecture amongst authors on the effect 
of voids on the fracture propagation performance. Asp et al, Li et al and 
Ricotta et al [40, 80, 82] have all reported increases in propagation 
performance in conjunction with either void content or void size. Olivier 
et al and Mouritz et al [81, 88] have reported reductions in the same 
property due to voids. Although it is difficult to compare research on 
different materials conducted by different authors this thesis has 
investigated the influence of void size and content on Mode I 
interlaminar fracture toughness and successfully identified the 
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performance variation across a wide distribution of void sizes and 
relative void contents for this phenolic composite material. 
Micro-voids increased the Mode II interlaminar fracture toughness when 
fibre volume fraction was taken into account when analysing the results. 
Figure 7-7 indicates an increasing trend for Mode II interlaminar fracture 
toughness for samples where significant micro-voids were present. 
These samples also displayed similar fibre volume fractions. Samples 
that were deemed to have a fibre volume fraction greater than 60% 
were excluded from the results as it has been shown that FVF has a 
significant impact on Mode II interlaminar fracture toughness results 
[100]. As with Mode I performance evaluation, Mode II samples also 
recorded a reduction in performance for samples with increasing large 
void content Figure 7-8.  
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Figure 7-7: Relationship found between GIIc and micro-void content for samples 
with a fibre volume fraction lower than 60% 
 
 
Figure 7-8: Relationship found between GIIc and Large void content 
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Increases in Mode II interlaminar fracture toughness in the presence of 
small voids can be explained in relation to the relative distribution of 
voids within the laminate. As the amount of small voids increase this 
work has demonstrated that the location of these voids also changes. 
Samples that contain significant amounts of micro-voids have these 
voids located homogenously throughout the laminate including inside 
fibre tow bundles. As cure speed decreases and the voids increase in 
size they also migrate to the regions in between the layers of 
reinforcement. Although the void content as a function of the whole 
laminate may not change significantly, during this process the impact 
this has on interlaminar fracture properties is significant as it effectively 
reduces the void content on the fracture plane, which always occurs 
between layers of reinforcement. 
This reduction in Mode II interlaminar fracture toughness for samples 
tested with increasing large void content can be attributed to the 
combination of the reduction in resin cross-sectional area due to voids, 
along with initiation of failure from individual voids if they are sufficiently 
large. This reason for the reduction in performance is consistent with 
what other authors have proposed in the literature for different 
composite materials [43, 47].  
Chapter 1 highlighted the desire for increased fracture performance 
which enables improved material performance during damage events 
and the need to reduce manufacturing cycle times to ensure 
composites are competitive on a cost basis. This work has shown that a 
significant improvement in both aspects is possible simultaneously. 
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Manufacturing processes that result in cure times of less than 20 
minutes provide increased Mode I and Mode II interlaminar fracture 
toughness through the influence of void characteristics inherent to the 
cure regime. These cure times were achieved in this work through the 
use of either a fast heating rate or the highest levels of catalyst tested. It 
would be interesting to assess the fracture performance of composites 
cured even faster than the speeds achieved in this work. 
 
7.4 Technology and techniques developed 
Through the requirement to produce composite laminates with enough 
manufacturing flexibility to enable variations in cure procedures, and 
then to be able to pragmatically deduce the cause of variations in the 
interlaminar fracture toughness behaviour, new technologies and 
techniques had to be developed. Here a summary of these technologies 
and techniques is provided: 
• A technology was developed to enable the manufacture of liquid 
moulded composite laminates referred to in this thesis as the 
Through thickness infusion process. Section 3.2.2 describes the 
manufacturing process in detail. The advantage of this technique 
over existing liquid moulding techniques is its ability to enable 
rapid reinforcement infusion in the case of fast cure cycles such 
as those with high percentages of catalyst. This through 
thickness infusion process is analogous to Resin Film Infusion 
(RFI) or Resin Spray Transfer (RST) but with the use of a liquid 
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resin medium. Another benefit of the through thickness infusion 
process is the position of the caul plate, which provides 
consistent external pressure to compress the laminate without 
the requirement for expensive equipment such as autoclaves or 
mechanical presses. The position of this caul plate in the 
assembly also ensures that the vacuum source still maintains the 
ability to extract volatiles away from the laminate during cure to 
reduce the cured void content. 
 
• A technique for analysing void content that encompasses voids 
of different sizes, the result of the vastly different cure regimes 
investigated in this thesis. The technique enables a distinction 
between micro-voids and large voids. In this case the threshold 
of 50μm was selected as voids smaller than this size are difficult 
to detect at the magnification chosen to analyse large void 
content (50x). However at 500x magnification these micro-voids 
are easily detected amongst individual carbon fibres. This 
technique proved valuable in determining the void size and void 
growth in relation to cure speed. The easy distinction between 
voids of vastly different sizes also helped in the interpretation of 
results for mechanical properties. 
 
• A technique for better understanding the effect of large voids on 
interlaminar fracture toughness results was developed. This 
technique correlated well to Mode I interlaminar fracture 
toughness results for samples with a significant large void 
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content. The technique defines the area of adhesion from SEM 
fractography images of the actual fracture surface tested. The 
areas that have failed adhesively during the test are contrasted 
against areas that did not fail adhesively (voided areas). The 
percentage area of adhesion can then be calculated from these 
results.  
 
7.5 Industry relevance 
 
Chapters 1 and 2 highlighted the requirement for cost effective, mass 
producible, fire resistant composite materials in the mass transport 
industry. The efficient design of components from these materials is 
heavily reliant on their ability to withstand a realistic amount of damage 
in service and still perform their required function. This damage tolerant 
design philosophy is currently in use within the aerospace industry 
[105]. At a basic level, the higher the amount of energy required to inflict 
interlaminar damage on a material, the lighter the component can 
become and the more efficient it is. This is due to damage tolerance 
being the most life limiting property of composite materials. The 
damage tolerance of a composite material is defined by the interlaminar 
fracture toughness of the material. Commonly, the Mode II toughness 
defines whether the composite will be damaged during an impact event 
and the Mode I toughness then defines the resistance to any damage 
growing during in-service load conditions.  
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The speed in which composite components can be cured is often the 
most defining factor of the manufacturing rate achievable for a given 
process and tooling solution. Increasing this manufacturing rate through 
the increase in cure speed clearly leads to a reduction in the 
manufacturing cost of a component and is very desirable in industry. 
Three methods of increasing the cure speed of a phenolic composite 
material were investigated through this work: sulfonic acid catalyst 
loading, isothermal cure temperature and heating rate. Encouraging 
results in terms of void size and distribution were found when increasing 
cure speed through the use of catalyst loading and heating rate. This 
work has also investigated the influence of the void changes on the 
interlaminar fracture behaviour. Overall the changes observed due to 
increased cure speed have led to improved interlaminar fracture 
toughness for both Mode I and Mode II. 
The encouraging results found through increasing cure speed with the 
use of aggressive heating rates suggests that fast cure speeds are 
achievable without the use of a catalyst. The advantages of this 
approach include the elimination of an accurate mixing step in the 
manufacturing/resin injection process which can be capital intensive. 
The elimination of the acid catalyst may also have advantages from an 
OH&S perspective and possibly a reduction in cost which is further 
discussed in Section 8.2. 
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C H A P T E R  E I G H T  
8 Conclusions and 
recommendations for future 
work 
8.1 Conclusions 
The research presented in this thesis describes and outlines the impact 
that variations in manufacturing process and associated curing regimes 
can have on the fracture properties of a resole phenolic carbon fibre 
composite. Much of this work has focused on the void development, 
void characterisation and its effect on the fracture properties of the 
composite material. The key findings highlighted in each chapter are 
summarised below. 
Chapter 4 presented the results from a Design Of Experiments (DOE) 
that encompassed many manufacturing variables for the cure of a 
phenolic composite. These variables included: cure process, 
reinforcement type, cure temperature, catalyst percentage and release 
film perforation area density. A range of properties were evaluated 
based on these manufacturing variables: Fibre volume fraction, void 
content, flexural strength, flexural modulus, Mode I and Mode II 
interlaminar fracture toughness. 
The findings in the catalyst cured DOE provide us with a good indication 
of which parameters had the most influence on the properties of the 
resulting laminate. In general, the variation in catalyst percentage had 
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the greatest influence on the properties tested. Furthermore it was 
determined that not only did the void content of the laminates vary 
significantly with changes in catalyst percentage and manufacturing 
process but also the size of the voids varied. When separating the void 
content into two categories, large and small voids, it was found that the 
small void content trend closely matched that of both the Mode I and 
Mode II interlaminar fracture toughness while the large void content 
trend closely matched the results for flexural strength and flexural 
modulus.  
The findings in the high temperature cured DOE section provide us with 
a good indication of which parameters had the most influence on the 
properties of the produced laminate. In general, the variation in cure 
temperature had the greatest influence. The influence of factors on the 
size of voids did not prove to be as pronounced as it was when the 
laminates were cured with varying percentages of catalyst.  
The initial investigation work conducted in Chapter 4 set the scene for 
more direct in-depth analysis in subsequent chapters to further 
investigate the cause of the variations in properties established 
throughout this DOE. 
Chapter 5 investigated the effect of variations in concentration of 
catalyst with a view towards increasing cure speed and its resulting 
influence on interlaminar fracture properties. The following observations 
were made: 
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• The concentration of catalyst is the driving factor in the resulting 
micro-void size. 
• The Mode I interlaminar fracture properties of the material are 
predominately influenced by variations in void size and shape, 
despite adhesive failure between the fibre and the matrix being 
the dominant failure mechanism within this composite.  
• Mode I interlaminar fracture toughness increases with 
corresponding increase in micro-void size up to approximately 
50μm. Beyond this size the performance begins to decrease. 
• The fibre matrix adhesion is not adversely affected by the 
addition of catalyst between 1% and 3%. However, a decrease is 
noted for samples cured with 4% catalyst. 
• The molecular structure remains consistent for samples cured 
with and without catalyst. 
• No clear trend was found between the void characteristics and 
Mode II interlaminar fracture toughness delamination onset 
energy. However, it was noted that large voids lead to significant 
scatter in the results and the fibre volume fraction has an 
influence on the Mode II interlaminar fracture performance as a 
decrease was noted for samples with a higher fibre volume 
fraction.   
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• From the work conducted a recommendation of three percent 
catalyst by weight yields the most repeatable mechanical results 
and good fracture performance 
 
Chapter 6 investigated the effect of variations in isothermal cure 
temperature and heating rate with a view towards increasing cure 
speed and its resulting influence on interlaminar fracture properties. The 
following observations were made: 
• The fracture properties of this phenolic composite are 
predominately influenced by void characteristics. 
• Void size and content have a direct link to the fracture properties 
of the composite. 
• Mode II Interlaminar fracture was influenced by large void 
content 
• A new technique was developed to relate the area of adhesion 
from SEM fracture surfaces to Mode I interlaminar fracture 
toughness results. This technique gives a much better correlation 
to GIc performance than other techniques investigated for void 
analysis. 
• Mode I interlaminar fracture is highly influenced by the large void 
content detected through area of adhesion analysis. 
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• The heating rate has a larger effect on the fracture properties 
than the cure temperature.  
The results from the above three technical chapters were combined and 
discussed in Chapter 7. The influence of cure speed on interlaminar 
fracture performance was discussed in general. Observations were 
drawn from the works presented in previous chapters relating to specific 
means of increasing cure speed. The concluding remarks from Chapter 
7 are: 
• The Through thickness infusion manufacturing technique is an 
effective way of quickly producing phenolic composite laminates. 
 
• It has been shown that with an aggressive approach to heating 
rate, made possible by manufacturing processes such as 
Quickstep™, significant reductions in the cure time are possible 
without the use of a catalyst. 
 
• All successful methods of reducing the cure cycle time studied in 
this work led to a reduction in void size. 
 
• The analysis of void content through different optical microscopy 
magnifications has proven to be a useful tool in determining the 
relative influence of cure speed on void size. 
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• A better method of determining the influence of large void 
content on interlaminar fracture toughness tests was shown to be 
the % area of adhesion analysis. 
 
• As voids grow larger in diameter than the interlaminar resin 
thickness their shape becomes irregular across the interlaminar 
plane.  
 
• The variation in void characteristics can only be attributed to the 
difference in cure speeds and temperatures of each of the 
experiments. 
 
• As cure speed decreases the amount of micro-voids decrease 
while the amount of large voids increase.  
 
• Micro-voids are more evenly distributed through the matrix 
material than larger voids. 
 
• More evenly distributed micro-voids reduce the void content on 
the interlaminar fracture plane. This is significant when 
considering the influence of voids size on interlaminar fracture 
properties. 
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• The most significant variations in Mode I interlaminar fracture 
performance are shown to be a function of the void size and 
content. 
 
• Mode I interlaminar fracture toughness increases as the size and 
amount of micro-voids increase and then decreases once a voids 
size threshold is reached. 
 
• Mode II interlaminar fracture toughness increases as the size 
and amount of micro-voids increase and then decreases once a 
voids size threshold is reached. These trends are only evident 
when fibre volume fractions are taken into consideration.  
 
• Cure times of less than 20 minutes provide the best interlaminar 
fracture performance 
This thesis has demonstrated that in many cases the ability to rapidly 
cure a phenolic composite can significantly improve its fracture, 
damage and mechanical performance. The mechanism for this has 
been shown to come from the ability to control the void size, distribution 
and content of a laminate through controlling the cure speed of the 
phenolic resin. Three methods for varying the cure speed were 
evaluated. Two of these methods achieved “rapid cure”; increased 
sulfonic acid catalyst loading and increased heating rates with no 
catalyst through the use of the Quickstep fluid heat transfer process.  
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8.2 Recommendations for future work 
 
Future work in the area of reducing composite cure cycle time and it’s 
effect on fracture behaviour is very important for the composites 
industry as has been discussed in Section 7.5. The findings from this 
thesis also raise more questions in relation to further substantiating the 
claims in this work as well as making further improvements in cure cycle 
times and fracture behaviour. The following sections discuss these 
areas: 
• Compression after impact testing could be conducted to confirm 
that the expected increase in performance due to the 
improvement of Mode I and Mode II interlaminar fracture 
toughness exists and that the relationships that are found with 
other composite materials is transferable to this material system. 
• Problems with quality (scale of errors) of results for Mode II 
interlaminar fracture toughness testing using the ENF technique 
have become evident, work could be undertaken to develop a 
new technique to improve this test method. Better result may be 
found with large coupons. 
• A finite element analysis study could be conducted to further 
validate and understand the fracture mechanics present in Mode 
I interlaminar fracture toughness testing in the presence of large 
voids. This work could seek to validate the % area of adhesion 
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method in terms of understanding and optimising the voids, 
content and distribution for a given property. 
 
• A study could be conducted on the effect of curing this phenolic 
composite material even faster than presented in this thesis. This 
could be achieved through the combination of fast heating rates 
and the addition of catalyst. It would be interesting to cure a 
composite rapidly with the use of some catalyst, a fast heating 
rate while keeping the isothermal cure temperature below 100°C. 
This may avoid the growth of voids due to the relationship 
presented by [95].  
 
• A cost modelling/feasibility study should be conducted to 
understand the financial and environmental relationship between 
rapidly curing phenolic composites with the use of high catalyst 
percentages, fast heating rates or a combination of the two.  
 
• It is believed that significant increases in mechanical properties 
would be achievable with better fibre-matrix adhesion. A study 
could be conducted on the use of a fibre sizing which is more 
compatible with phenolic resin. 
 
• The focus of this thesis has been on understanding the cure 
behaviour of a phenolic composite material and it’s influence on 
fracture behaviour. Phenolic resins cure via a condensation cure 
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reaction. The unique attributes of this cure mechanism has led to 
many of the novel observations and findings from this work. A 
study on alternative condensation cure reaction resin systems 
could be conducted to determine if similar behaviour is observed. 
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9 Appendix 1 DOE results 
(variation in concentration of 
catalyst) 
9.1 Void content 
9.1.1 50x magnification 
 
Figure 9-1: Main effects 50x magnification void content 
Table 9-1: ANOVA 50x magnification void content 
 
Table 9-2: Void content interactions 50x magnification 
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9.1.2 500x magnification 
 
  
Figure 9-2: Main effects 500x magnification void content 
Table 9-3: ANOVA 500x magnification void content 
 
Table 9-4: Void content 500x magnification interactions 
  238 
9.2 Fibre Volume Fraction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9-3: Main effects fibre volume fraction 
Table 9-5: ANOVA fibre volume fraction 
 
Table 9-6: Fibre volume fraction interactions 
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9.3 Flexural Modulus 
 
 
Figure 9-4: Main effects flexural modulus 
Table 9-7: ANOVA flexural modulus 
 
Table 9-8: Flexural modulus interactions 
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9.4 Flexural Strength 
 
 
Figure 9-5: Main effects flexural strength 
Table 9-9: ANOVA flexural strength 
 
Table 9-10: Flexural strength interactions 
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9.5 Interlaminar fracture toughness Mode I 
  
 
Figure 9-6: Main effects Mode I interlaminar fracture toughness 
Table 9-11: ANOVA Mode I interlaminar fracture toughness 
 
Table 9-12: Mode I interlaminar fracture toughness interactions 
  242 
9.6 Interlaminar fracture toughness Mode II 
 
 
 
Figure 9-7: Main effects Mode II interlaminar fracture toughness 
Table 9-13: ANOVA Mode II interlaminar fracture toughness 
 
Table 9-14: Mode II interlaminar fracture toughness interactions 
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10 Appendix 2 DOE results 
(variation in cure temperature) 
10.1 Void content 
10.1.1 50x magnification 
 
Figure 10-1: Main effects 50x magnification void content 
Table 10-1: ANOVA 50x magnification void content 
 
Table 10-2: Void content 50x magnification interactions 
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10.1.2 500x magnification 
 
  
 
Figure 10-2: Main effects 500x magnification void content 
Table 10-3: ANOVA 500x magnification void content 
Table 10-4: Void content 500x magnification interactions 
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10.2 Fibre volume fraction 
  
 
Figure 10-3: Main effects fibre volume fraction 
Table 10-5: ANOVA Fibre volume fraction 
 
Table 10-6: Fibre volume fraction interactions 
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10.3 Flexural Modulus 
  
 
Figure 10-4: Main effects flexural modulus 
Table 10-7: ANOVA flexural modulus 
 
Table 10-8: Flexural modulus interactions 
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10.4 Flexural Strength 
 
  
 
Figure 10-5: Main effects flexural strength 
Table 10-9: ANOVA flexural strength 
 
Table 10-10: Flexural strength interactions 
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10.5 Interlaminar fracture toughness 
Mode I 
  
 
Figure 10-6: Main effects Mode I interlaminar fracture toughness 
Table 10-11: ANOVA Mode I interlaminar fracture toughness 
 
Table 10-12: Mode I interlaminar fracture toughness interactions 
  249 
10.6 Interlaminar fracture toughness 
Mode II 
 
 
Figure 10-7: Main effects Mode II interlaminar fracture toughness 
Table 10-13: ANOVA mode IIII interlaminar fracture toughness 
 
Table 10-14: Mode II interlaminar fracture toughness interactions 
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